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ABSTRACT 
 
Spray-drying is a well-established and widely-used method for transforming a 
range of liquid food products into powder form. Spray-dried powders can be stored at 
ambient temperature for prolonged periods without compromising the powder stability. 
Spray-drying is relatively economical, the powders are easy to transport and use in 
manufacturing plants. Spray-drying has many applications, particularly in the food, 
pharmaceutical and agrochemical industries. However, one prevalent problem in 
spray-drying is the stickiness that occurs when sugar-rich foods such as fruit juices and 
honey are spray-dried. The stickiness results into depositions onto the internal dryer wall 
and unacceptable clumping of particles. Both of these lead to inferior product quality and 
economic loss.  
 
In this thesis, the effect of proteins and low molecular weight surfactants on             
spray-drying and powder properties of sugar-rich foods has been studied. Fructose and 
sucrose were selected as model sugar-rich foods and sodium caseinate (NaCas) and pea 
protein isolate (PPI) were selected as model proteins. Sodium stearoyl lactylate (SSL) and 
polysorbate-80 (Tween-80) were chosen as ionic and non-ionic surfactants, respectively. 
The powders of sugar–protein and sugar–protein–surfactant solutions were obtained 
through spray-drying. The feed solutions for spray drying had 25% solid concentration in 
all. The inlet and outlet temperatures of 165 
o
C and 65 
o
C, respectively, were selected 
based on the best yield parameters. Physico-chemical characteristics of the powders such 
as moisture content, water activity, particle size, glass transition temperature, 
amorphous/crystalline nature and surface protein coverage were measured. The dynamic 
surface tension of the solutions was measured before spray-drying. The surface stickiness 
of solutions of sucrose–NaCas, sucrose–PPI and fructose–NaCas was observed using a 
custom-built in situ stickiness measuring instrument. The reconstitution behaviour of the 
powders was determined through dissolution studies. The possibility of Maillard reaction 
occurring in powder containing reducing-sugars was determined through rheological 
measurements. The key tests, namely the glass transition temperature (Tg), the dynamic 
surface tension, surface protein coverage and crystalline/amorphous nature of the 
powders were measured using a differential scanning calorimeter/thermo-mechanical 
compression test device, a drop profile tensiometer, a x-ray photoelectron spectroscope 
and a x-ray diffractometer, respectively. 
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It was found that the proteins preferentially migrated to the air-water interface of 
droplets and formed glassy films soon after the drying commenced. These two 
characteristics of surface-active proteins made it possible to successfully produce 
powders out of fructose and sucrose solutions which otherwise would not be possible. It 
was found that as little as 0.13% of NaCas (NaCas:sucrose dry ratio of 0.5:99.5) was 
sufficient to achieve 80% powder recovery, suggesting that NaCas can act as a ‗smart‘ 
drying aid in producing powders out of sugar-rich foods due to their higher solubility 
(90.8±3.4%) and better film-forming property. PPI was not as effective as NaCas as a 
drying aid since 0.26% of PPI was required to produce about 50% of amorphous sucrose 
powder. These results suggest that different proteins have different efficacies when they 
are used as drying aids. The reasons for a higher amount of PPI being required to produce 
amorphous sucrose are due to both its lower solubility (17.3±0.9%) and poor                           
film-forming property.  
  
To achieve a set powder recovery of 80%, a much higher NaCas: fructose ratio 
(30:70) was required compared to a NaCas: sucrose ratio (0.5:99.5) on a dry solid basis. 
These compositions corresponded to 7.89% and 0.13% of NaCas (initial bulk 
concentration), respectively. The surface protein coverage of fructose–NaCas was 
89.3±0.05% while it was 52.1±0.3% in the case of sucrose-NaCas. The reason for higher 
surface protein coverage in fructose–NaCas powder compared to that of sucrose–NaCas 
powder is due to the overwhelming presence of protein in the bulk which is well above 
the critical micelle concentration of NaCas (>3% w/w). The remarkably different amount 
of protein required to produce the same (80%) powder recovery of fructose and sucrose is 
due to much lower Tg of the former (16 
o
C) compared to that of latter (65 
o
C). This 
suggests that the nature of the sugar, especially its Tg determines the extent of protein 
required to achieve a comparable powder recovery. 
 
The sensitivity of low molecular weight surfactants has been demonstrated using 
both ionic (SSL) and non-ionic (Tween-80) surfactants. The surface protein coverage and 
the recovery of the powder in sucrose–protein systems were found to be very sensitive in 
the presence of low molecular weight surfactants as the concentration of the NaCas in the 
bulk was below its critical micelle concentration. The displacement of proteins (NaCas or 
PPI) from the droplet or particle surface of sucrose–protein system was greater with 
Tween-80 than with SSL. Tween-80 displaced proteins either fully or partially from the 
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droplet/particle surface of sucrose–protein systems while SSL displaced proteins only 
partially. However, the low molecular weight surfactants had almost no effect on either 
surface protein coverage or powder recovery of fructose–protein samples. The 
overwhelming presence of NaCas (>89%) on the droplet surface of fructose–NaCas 
powders would have saturated the surface by this protein leaving only limited space for 
the low molecular weight surfactants to occupy. Addition of Tween-80 and SSL 
individually into sugar–protein powders has reduced the bulk Tg of these powders due 
their low Tg. All fructose–protein and fructose–protein–surfactant powders were 
amorphous. The type of low molecular weight surfactants had no effect on the amorphous 
nature of fructose–protein powders mainly due to higher protein content (higher than 
critical micelle concentration) in these powders. However, the sucrose–protein powders 
with Tween-80 and with 0.05% SSL were crystalline while the sucrose–protein powders 
with 0.01% SSL were amorphous indicating that the amorphous/crystalline nature of 
sucrose–protein–surfactant powders depends on the type and the concentration of low 
molecular weight surfactants. There was no change in powder recovery when the SSL 
concentration was increased from 0.01% to 0.05% in fructose–NaCas–SSL solution, and 
also addition of 0.01% Tween-80 into fructose–NaCas solution did not affect the powder 
recovery (76.7±2.3%). However, the powder recovery reduced to 69.0±1.9% when the 
concentration of the Tween-80 was increased to 0.05%. When NaCas concentration was 
above its critical micelle concentration (>3% w/w), the presence of up to 0.05% low 
molecular weight surfactants was found to have either no effect or minimal effect on the 
protein surface coverage of the droplets/particles as a consequence on the powder 
recovery. SSL displaced 2.0% and 29.3% of proteins from the droplet surface of                   
sucrose–NaCas–SSL, respectively, when its concentration was varied from 0.01% to 
0.05% thereby reducing the powder recovery from 75.5±1.8% to 30.1±1.4%. The 
addition of 0.01% Tween-80 in sucrose–NaCas solution resulted in a 48.2±1.5% 
reduction in powder recovery and at 0.05%, it displaced a substantial amount of NaCas 
from the droplet surface. As a consequence no powder was recovered. The addition of 
SSL and Tween-80 individually into sucrose–PPI solutions resulted into very low powder 
recoveries.  
 
Since the solubility of the sugar content of these powders was not the limiting 
factor or constraint in reconstitution, solubility here refers to the solubility of protein 
constituents. The maximum solubility of the protein content of the powders was achieved 
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within 5 minutes of dissolution. The solubility of sucrose–PPI powders was found to be 
lower than the solubility of sucrose–NaCas and fructose–NaCas powders due to the lower 
solubility of PPI. The solubility of NaCas increased by 6-7% in the presence of fructose 
and low molecular weight surfactants compared to the solubility of NaCas alone. The 
solubility of the PPI in sucrose–PPI powders increased by 5.17 times compared to its 
solubility in the received PPI powder as sugars stabilized proteins. The non-ionic 
surfactant (Tween-80) was found to reduce the solubility of PPI in                                    
sucrose–PPI–Tween-80 powders significantly (p<0.05) compared to the solubility of PPI 
in sucrose–PPI–SSL powders due to the formation of insoluble non-native aggregates. 
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CHAPTER   1 
 
INTRODUCTION 
 
Spray-drying is a well-established and widely-used method for transforming a 
wide range of liquid food products into powder form. The process involves spraying of 
finely atomized solutions into a chamber where hot and dry air rapidly evaporates the 
solvent and quickly produces dried particles. Spray-dried powders can be stored at 
ambient temperature for prolonged periods without compromising the powder stability. 
They are also cheaper to transport and easier to handle in manufacturing plants.                      
Spray-drying is economical  compared to freeze-drying as the latter is a batch process 
with long processing time and is also six times as expensive as spray-drying in terms of 
operational cost and nine times as expensive as spray-drying in terms of capital cost 
(Chavez & Ledeboer, 2007; Santivarangkna, Kulozik, & Foerset, 2007). Spray-drying has 
many applications, particularly in the food, pharmaceutical and agrochemical industries 
(Vega, Goff, & Roos, 2005; Bhandari et al., 1993; Adhikari et al., 2007; Maa, Nguyen, & 
Hsu, 1998; Maa & Hsu, 1997).   
 
However, one prevalent problem in spray-drying is the stickiness that occurs when 
sugar-rich foods such as fruit juices and honey are spray-dried. The stickiness results in 
depositions onto the internal dryer wall and unacceptable clumping of particles. Both of 
these lead to inferior product quality and economic loss (Bhandari & Howes, 1999; 
Ozmen & Langrish, 2003).  
 
To minimize the stickiness problem, both process–based and material 
science-based approaches are used. Process-based approaches include the mechanical 
scraping of the chamber wall, introduction of cold air at the bottom and the use of low 
temperature / low humidity air. An example of the materials science-based approach 
involves the addition of drying aids to reduce the stickiness of the powders (Downton, 
Flores-Luna, & King, 1982; Werner et al., 2006). Process-based modifications are not 
easy and can be economically non-viable. Stickiness could be avoided by keeping the 
outlet temperature of air lower: However, the production can become economically                   
non-viable because of poor yields or higher moisture contents in resultant powders. The 
material science based-approach also has its own limitations. Large amounts of drying 
additives such as maltodextrins (>35%) are required to convert fruit juices such as 
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blackcurrant, apricot and raspberry into powder form (Bhandari et al., 1993; de Oliveira 
et al., 2009). Addition of such large amounts of these carriers alters the resultant powder 
quality and risks consumer disapproval. An alternative and novel way to minimize the 
stickiness problem is to modify the surface properties of the droplets/particles with small 
amounts of proteins (Adhikari et al., 2009a).  
 
Proteins in the spray-drying solution preferentially adsorb to the air–liquid 
interface of the droplet and hence dominate the powder surface. The adsorption process of 
proteins at the air–water interface is regarded as a three-step process (MacRitchie & 
Alexander, 1963a, b, c) Firstly, diffusion of molecules from the bulk solution to the 
subsurface region; secondly, the adsorption of molecules from a subsurface to the                      
air–water interface; and finally, the re-conformation or rearrangement of adsorbed 
molecules within the surface layer. The adsorption behaviour of protein to the air–water 
interface during spray-drying can be assumed to be mainly diffusion-controlled due to the 
short lifetime of the droplet. Here the activation energy for surface adsorption is zero 
(Graham & Phillips, 1979; Norde, 1986; Wannerberger, Wahlgren, & Eliasson, 1996; 
Cases & Cayot, 2005). The size of the protein will be the dominating factor in    
diffusion-controlled adsorption. The smaller the size of the proteins, the faster the 
adsorption of proteins to the air–water interfaces (Landström, Alsins, & Bergenståhl, 
2000). However, as the surface becomes crowded, the energy barrier to adsorption 
progressively increases and the extent to which the protein penetrates and re-arranges at 
the surface then becomes rate-determining (Graham & Phillips, 1979; Norde, 1986; 
Wannerberger, Wahlgren, & Eliasson, 1996; Cases & Cayot, 2005). During spray-drying, 
convection due to temperature and pressure gradients may influence the adsorption 
process. A convection-controlled adsorption could result in a comparatively faster 
adsorption of larger molecules (Dickinson, 1994). Furthermore, as droplets dry very 
swiftly during spray-drying, the rapid shrinkage of the drop diameter favours quicker 
adsorption. 
 
 The adsorption behaviour of soy protein isolate, sodium caseinate and whey 
protein concentrate was studied at the air–water interface by the drop volume method. It 
was revealed that the soy proteins diffuse slowly to the interface compared to the other 
two proteins, due to the large particle size of the association complex of soy proteins. A 
rapid diffusion of whey proteins to the interface was observed due to small molecular 
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complexes. Although the caseinate has a complex quaternary structure similar to soy 
proteins, it has a very different surface behaviour as it is believed that the migration of the 
caseinates to the interface takes place via casein monomers in the bulk phase. The 
diffusion step is rapid even at concentrations below 10
-3
 wt % and contributes to a large 
extent to the interfacial tension decay (Tornberg, 1978; Mohanty, Mulvihill, & Fox, 1988; 
Britten, & Giroux, 1993; Hogan et al., 2001). 
   
Caseins are more surface-active than whey proteins in the sense that they give a 
lower surface tension at the air–water interface. Hence, it could be assumed that casein 
samples would give a higher surface coverage than whey proteins (Millqvist-Fureby et 
al., 1999). Whey proteins once adsorbed at the interface create a more elastic interface 
compared to the caseins. The higher the -lactoglobulin content, the more elastic is the 
interface. The highly elastic character of adsorbed -lactoglobulin is mainly due to the 
high 2-D packing density and strong protein–protein interactions compared to the loose 
packing and weak protein–protein interactions of casein monolayers (Alder, Unger, & 
Lee, 2000).  
 
Adhikari et al., 2009a, found that the surface tension values of sucrose–protein 
solutions were close to the surface tension values of the corresponding protein 
concentrations. This indicates that the droplet surface has already reached the maximal 
level of protein occupation, even at low protein concentrations. Since the sucrose 
molecules are not responsible for the lowering of the surface tension of sucrose–protein 
solutions, the migration of protein molecules to the air–water interface is responsible for 
this. The proteins being surface-active preferentially migrate to the air–water interface. 
The preferential migration combined with their film forming property upon drying, are 
responsible for overcoming the stickiness of sugar–protein solutions (Adhikari et al., 
2009a). 
 
The effect of two low molecular weight surfactants namely, sodium dodecyl 
sulphate and polysorbate 80 (Tween-80), along with proteins on spray-drying of                    
sugar-rich foods was also studied (Adhikari et al., 2009b) since the low molecular weight 
surfactants compete with proteins to occupy air–water interface. It has been reported that 
the surfactants partly or even completely displaced the protein from the droplet surface, 
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depending on the surfactant concentration and type (De Feijter, Benjamins, & Tamboer 
1987; Mackie et al., 1999). However, studies carried out in the past involved only one 
concentration level of both low molecular weight surfactants (Adhikari et al., 2009b) and 
also those studies were confined to the equilibrium rather than the dynamic surface 
tension of sugar–protein and sugar–protein–surfactant solutions.  
 
Although low molecular weight surfactants generally stabilize proteins, some low 
molecular weight surfactants are known to bring undesired effects on the proteins leading 
to their destabilization. Ionic low molecular weight surfactants such as sodium dodecyl 
sulphate (SDS) are known as effective protein denaturants (Randolph, & Jones, 2002). In 
contrast, low molecular weight surfactants such as sorbitans are used as stabilizing agents 
in protein formulations (Randolph, & Jones, 2002). However, non-ionic low molecular 
weight surfactants can also have an opposite effect on proteins. In the cases where a non-
ionic surfactant destabilizes the conformation of a protein, this effect may compete 
against the stabilising effect of surfactant binding (Randolph, & Jones, 2002). For 
example, in the case of hydrophobic lipase from Humicola lanuginose, the addition of 
Tween-20 was found to cause the formation of insoluble non-native aggregates 
(Kreilgaard, & Frokjaer, 1999).  
 
Dissolution of powdered ingredients is of particular importance to manufacturers 
and consumers as a benchmark of functionality (Fang, Selomulya, & Chen, 2008). Food 
powders, when used as ingredients, must be able to provide good solubility to be useful 
and functional (Morr et al., 1985; Fang, Selomulya, & Chen, 2008; Fang, Selomulya, & 
Chen, 2010). The solubility is the final step of powder dissolution and is considered as the 
key determinant of the overall reconstitution quality.  
 
Very little information is available on the effect of proteins on spray-dried 
powders of sugar-rich foods when proteins are added as ‗smart drying aids‘ and how the 
spray-dried powders dissolve in water. Except for some exploratory studies (Adhikari et 
al., 2009a, b), the surface modification of sugars by proteins, the impact of surfactants 
on the particle formation processes of sugar–protein systems and dissolution of                     
spray-dried powders are not yet fully understood. Since spray-drying of sugar-rich foods 
is a major challenge to both academia and industry due to their inherent sticky 
behaviour, surface modification by proteins and the control of their surface 
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concentration by using a trace amount of low molecular weight surfactants can be very 
useful in understanding this problem. Therefore, it is very important that the effect of 
both proteins and surfactants on sugar–protein–surfactant matrices is studied. 
Information coming from such studies can be applied to produce composite and surface 
engineered food powders through spray-drying. 
 
1.1 Research question 
On the basis of the above background, the research question of this thesis is: 
How do the respective amounts of proteins and surfactants at the air–droplet 
interface of different sugar-rich foods affect the yield and physico-chemical properties of                     
spray-dried powder particles?  
 
In this context, this PhD study is aimed at quantifying both the extent and effects 
of the migration of protein and surfactant to the powder surface of spray-dried sugar-rich 
foods and their implications for powder formation yields and the powder properties such 
as moisture content, water activity, particle size, glass transition temperature, 
amorphous/crystalline nature, surface protein coverage, surface stickiness and 
reconstitution (solubility). 
 
The specific aims of this research are to: 
1. Study the surface-activity of sugar–protein and sugar–protein–surfactant solutions.  
2. Determine the spray-drying behaviour (yield) of the model solutions given in 
Objective 1. 
3. Characterise the physico-chemical properties of the spray-dried powders obtained 
in Objective 2, such as moisture content, water activity, particle size, glass 
transition temperature, amorphous/crystalline nature, surface protein coverage, 
surface stickiness and reconstitution. 
 
 
1.2 Format of thesis 
 
Due to the possible unfamiliarity of a thesis presented in this format (PhD by 
publication), a brief description of the arrangement may be helpful. An introduction is 
followed by five manuscripts (at different stages of publication), the latter making up 
Chapters 2 through to 6. Chapter 2 is a comprehensive review of the literature related to 
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‗surface modification of spray-dried food and emulsion powders with surface-active 
proteins‘. The manuscripts making up Chapters 3 through to 6, each relates directly to one 
of the four specific objectives. Chapter 3 describes the effect of proteins coming from 
different origins on spray-drying of sugar-rich foods. Chapter 4 describes the effect of 
sugars, especially their glass transition temperature, on spray-drying of sugar-rich foods. 
Similarly, chapter 5 describes the effect of low molecular weight surfactants, especially 
their non-ionic/ionic behaviour and concentration levels on spray-drying of sugar-rich 
foods. Chapter 6 describes the dissolution behaviour of powders of sugar–protein and 
sugar–protein–surfactant solutions. Finally, Chapter 7 summarizes the published works 
carried out in this study and also contains conclusions and recommendations. This chapter 
also lists the contributions made by this study to the underpinning science of converting 
sugar-rich foods into dry powders. Appendices 1 and 2, respectively, give the status of 
five manuscripts and the contribution of the candidate while appendix 3 gives the table 
which describes the experimental glass transition temperature (Tg-r) along with predicted 
glass transition temperature (Tg) and surface glass transition temperature (Tg) of                     
spray-dried powders. 
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CHAPTER 2 
 
 
REVIEW OF THE LITERATURE REGARDING SURFACE MODIFICATION 
OF SPRAY-DRIED FOOD AND EMULSION POWDERS WITH                             
SURFACE-ACTIVE PROTEINS 
 
 
Surface modification of droplets/particles is a novel way to minimize stickiness. It 
is timely that the research efforts on surface modification of droplets/particles be 
reviewed. Therefore, this review highlights the recent research dealing with surface 
modification of emulsions and spray-dried powders. The theoretical foundation, 
mechanisms and methods used to achieve surface modification of food and emulsion 
powders are highlighted.  
. 
The surface composition of a spray-dried emulsion is usually determined by the 
ingredients and emulsion processing.  After spray-drying, powders in which the oil phases 
consisting of fats with intermediate melting points, such as hardened coconut oil and 
butter fat, had the highest surface coverage of fat, approximately 34% (Fäldt and 
Bergenståhl, 1995; Millqvist-Fureby et al., 1999). It was observed that if the proteins 
were the only emulsifiers present, they would adsorb to the oil interfaces, normally in 
proportion to their concentrations in the aqueous phase (Hunt and Dalgleish, 1994a, b). 
 
 The units of Γ*(apparent surface load of protein) and t (time elapsed since the 
formation of the fresh air/water interfaces(s) are mg/m
2
 and s, respectively. 
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ABSTRACT 
Spray-drying is a well-established and widely-used method for transforming a 
wide range of liquid food products into powder form. Stickiness is the limitation in     
spray-drying of different sugar and acid-rich food products. To minimize this problem 
process and material science-based approaches are in place. However, these remedies 
have their own drawbacks. Surface modification of droplets/particles is a novel way to 
minimize stickiness. It is timely that the research efforts on surface modification of 
droplets/particles be reviewed. Therefore, this review highlights the recent research 
dealing with surface modification of emulsions and spray-dried powders. The theoretical 
foundation, mechanisms and methods used to achieve surface modification of food and 
emulsion powders are highlighted.  
 
Key words: Sugar-rich foods, stickiness, proteins, surfactants, emulsions, spray-drying 
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1. Introduction 
There are many food products that have very high sugar and organic acid contents 
and there is a growing interest to convert them into more useable and stable forms such as 
powders (Bhandari et al., 1997). Conversion of high-value food materials such as fruit 
and vegetable extracts and honey into particulate form is not easy due the presence of a 
high proportion of low molecular weight sugars in their composition (Adhikari et al., 
2007a). This results in low glass temperature (Tg), which is attributed to be the main 
reason for stickiness (Vega et al., 2005a). Many foods are amorphous or crystalline or a 
mixture of both depending on the composition of materials and the processing technology 
used (Boonyai, 2005). Crystals are formed by crystallization of dissolved solids by 
concentration or cooling the solution to achieve super-saturation. Crystalline powders are 
less hygroscopic and therefore more stable to physical and chemical degradation 
compared to other forms. Amorphous powders are formed by rapidly removing the 
dissolving/dispersing medium and rapid cooling of a melt or super cooling of aqueous 
solution; these processes do not allow crystallization to take place (Fig. 1). The 
amorphous form is a non-equilibrium meta-stable state of materials (Alexander and King, 
1985). Table 1 summarizes experimental conditions that have been most frequently used 
for the encapsulation of different food ingredients through spray-drying. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Formation of physical structure of food powders (Bhandari & Howes, 2004) 
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Table 1: Experimental conditions recently optimized for the encapsulation of a few different food ingredients by spray-drying 
 
Encapsulated ingredient Wall material 
Food 
temperature 
Air inlet 
temperature 
Air outlet 
temperature 
References 
(oC) (oC) (oC) 
Anhydrous milk fat Whey protein/lactose 50 160 80 Young et al. (1993) 
Ethyl butyrate ethyl caprylate Whey protein/lactose 5 160 80 
Rosenberg & Sheu (1996) 
 
 Oregano, citronella and marjoram flavours Whey proteins/milk proteins NR 185-195 85-95 
Baranauskienė et al. (2006) 
 
 Soya oil Sodium caseinate/carbohydrate NR 180 95 Horgan et al. (2001) 
Calcium citrate calcium lactate Cellulose derivatives/ Polymethacrylic acid NR 120-170 91-95 Oneda & Ré (2003) 
Lycopene 
Gelatin/sucrose 55 190 52 Shu et al. (2006) 
Fish oil Starch derivatives/glucose syrup NR 170 70 Drusch et al. (2006) 
Cardamom essential oil Mesquite gum Room T 195-205 105-115 Beristain et al. (2001) 
Arachidonyl L-ascorbate Maltodextrin/gum arabic/soybean polysaccharides NR 200 100-110 Watanabe et al. (2004) 
Cardamom oleoresin Gum arabic/modified starch/ maltodextrin NR 176-180 115-125 Krishnan,  et al. (2005) 
Bixin Gum arabic / maltodextrin/sucrose Room T 180 130 Barbosa et al. (2005) 
D-Limonene Gum arabic/ maltodextrin/ modified starch NR 200 100-120 Soottitantawat et al. (2005a) 
L-Menthol Gum Arabic/modified starch NR 180 95-105 Soottitantawat et al. (2005b) 
Black pepper oleoresin Gum Arabic/modified starch NR 176-180 105-115 Shaikh et al. (2006) 
Fish oil Sugar beet pectin/glucose syrup NR 170 70 Drusch (2006) 
Caraway essential oil Milk proteins/whey proteins/ maltodextrin NR 175-185 85-95 Bylaite et al. (2001) 
Short-chain fatty acid Maltodextrin/ Gum arabic NR 180 90 Teixeira et al. (2004) 
NR: not reported 
 
2
3
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Low molecular weight sugars, such as fructose, glucose, sucrose and lactose in the 
amorphous state have high hygroscopicity and solubility. Crystalline sugars may contain 
an amorphous fraction due to milling and size reduction operations (Kelley et al., 1974; 
Bhandhari and Howes, 2004). In food, the physical properties of individual sugars such as 
hygroscopicity, solubility, melting point and glass transition temperature influence 
differently on drying (Audu et al., 1978; Roos and Karel, 1991). Table 2 illustrates how 
different physical properties are correlated to the sticky behaviour of a food product. 
Stickiness is due to the combined effect of all of these properties during spray-drying 
(Bhandari et al., 1997).  
  
Table 2: Physical properties of sugars and stickiness behaviour during spray drying 
 
Sugars Hygroscopicitya 
(relativeg) 
Melting 
pointb(oC) 
Solubility in waterc 
at 60 oC (% w/w) 
Tg
d 
(oC) 
Stickinesse 
(relative) 
Lactose 
 
Maltose 
 
Sucrose 
 
Glucose 
 
Fructose 
+ 
 
++ 
 
+++ 
 
+++++ 
 
++++++ 
223 
 
165 
 
186 
 
146 
 
105 
35 
 
52f 
 
71 
 
72 
 
89 
101 
 
87 
 
62 
 
31 
 
5 
+ 
 
(++) 
 
+++ 
 
+++++ 
 
++++++ 
aAudu  et al. (1978) -at water activity below 0.5. 
 bWeast  & Astle, (1979). 
 cDeman, (1976).  
 dLebuza, (1995). 
 eRigby et al. (1996). 
 fAt 25 oC –Perry et al.  (1973)]. Number of +symbol indicates the relative degree of hygroscopicity or stickiness, 
assumption made when the symbol(s) are within brackets. 
 
 
On heating, the amorphous material becomes viscous where its viscosity decreases 
sharply from 10
12–14 
Pa s to 10
6–8 
Pa s thereby leading to stickiness (Downton et al., 1982; 
Wallack and King, 1988). The sticky behaviour depends on both the sugar content and 
temperature of the product (Bhandari et al., 1997). Quantifiable sticky behaviour of an 
amorphous product is observed at temperatures about 20 
o
C above glass transition 
temperature (Bhandari et al., 1997). Table 3 shows the effect of the increase in 
temperature of product above Tg on the structural characteristics of the product (Labuza, 
1995). Bhandari et al. (1997) suggested that the problem of stickiness could be avoided 
by undertaking the spray-drying operation within 20 
o
C above the prevailing glass 
transition temperature. This suggestion is based on Table 3. 
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Table 3: Effect of the increase in temperature of product above Tg on the structural characteristics of the product       
(Labuza, 1995). 
 
Temperature above Tg (
oC) Characteristics 
10 
 
20 
 
30-50 
 
>50 
Begins to show adhesion 
 
Shows stickiness 
 
Crystallization at room temperature 
 
Shows total collapse and flow 
 
 It is essential to know the glass transition temperature of a sample that undergoes 
drying. To this end, Couchman and Karasz‘s (1978) equation (Eq. (1)) for                               
multi-component mixture could safely be used (Bhandari et al., 1997). 
 
p33p22p11
g3p33g2p22g11p1
g
CwCwCw
TCwTCwTCw
T


   ----------------- (1)  
where Tg is the glass transition temperature of the mixture, 1w , 2w  and 3w  are mass 
fractions of two solutes and water respectively. g1,T   g2T and g3T  are glass transition 
temperatures (ºK) of two solutes and water (138 ºK) respectively. p1,C  p2C  and p3C  
are step changes in specific heat capacities of two solutes and water respectively. 
 
To minimize the stickiness problem, process- and material science-based 
approaches are in place. Process-based approaches include: the mechanical scraping of 
the chamber wall; introduction of cold air at the bottom; and, the use of low temperature 
low humidity air. Changing the glass transition temperature of feed solution by 
introduction of drying agents is an example of the material science-based approach 
(Downton et al., 1982). Process-based modifications are not easy and can be 
economically non-viable, for example stickiness could be avoided by keeping the outlet 
temperature of air below 50 
o
C or even at ambient temperature: however the production 
becomes economically non-viable. The material science-based approach has its own 
limitations, for example, addition of a large amount of drying additive such as 
maltodextrins (40–60% w/w) is required in the case of sucrose solution to convert it into 
amorphous powder (Adhikari et al., 2007a) and 35% to 45% (w/w) of maltodextrin (DE6) 
required for fruit juices such as blackcurrant, apricot and raspberry (Bhandari et al., 
1993). More than 60% of maltodextrin was required for spray-drying of orange juice 
(Shrestha et al., 2007). Addition of such large amount of these carriers alters the resultant 
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powder quality and risks consumer disapproval. Surface modification of droplets/particles 
is a novel way to minimize this problem (Adhikari et al., 2009a).   
  
Surface modification can be done with proteins by taking into account of both 
film-forming property of protein to encapsulate the sugars and the surface activity of 
proteins (Adhikari et al., 2009a). In the study conducted by Adhikari et al. (2009a) it was 
found that the surface tension values of both sucrose–sodium caseinate and sucrose–whey 
protein isolate solutions were close to the surface tension values of the corresponding 
protein concentrations. This indicates that where the surface activity of a sucrose–protein 
solution is concerned, it has already reached the maximal level of protein occupation at 
the air–water interface, even at a low protein concentration such as 0.125–0.25% (w/w). 
Since the sucrose molecules are not responsible for lowering of the surface tension of                   
sucrose–protein solutions, the migration of protein molecules at air–water interface is 
responsible for this. The proteins being surface active preferentially migrate to the                       
air–water interface. This preferential migration combined with their film-forming 
property upon drying, is responsible for overcoming the stickiness of sugar–protein 
solutions. These authors further observed that a smooth non-sticky skin was formed on 
both the surfaces of whey protein isolate and sodium caseinate films immediately after 
they were subjected to drying air. Although skin formation was observed with 
maltodextrins during drying, it took much longer for this skin to develop into a thicker 
shell, compared with proteins. 
 
2. Characterization of surface composition of spray-dried emulsions 
Surface composition of powders plays an important role during its end use              
(Kim et al., 2003). Understanding the mechanism of the powder surface formation in 
terms of the compositional aspect and the ability to control the surface composition will 
be of great use in quality improvement of milk powder and development of new products 
(Kim et al., 2002). The surface composition of powders significantly influences the 
particle–liquid interactions (e.g. wettability, dispersibility) and the particle–particle 
interactions (flowability, stickiness). These interactions, in turn are influenced by particle 
size, shape, bulk density and chemical composition of the particle surface (Fäldt et al., 
1993; Kim et al., 2003; Millqvist-Fureby et al., 2001; Nijdam and Langrish, 2006). The 
surface composition of food powders is determined by electron spectroscopy for chemical 
analysis (ESCA). Fig. 2 depicts the principle of ESCA (Fäldt et al., 1993).  
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Figure 2: The Principle of Electron Spectroscopy for Chemical Analysis (ESCA) (Faldt et al., 1993). 
 
Using ESCA data, a numerical method based on matrix inversion is available to 
determine the surface coverage of individual components (Fäldt et al., 1993; Kim et al., 
2002; Shrestha et al., 2007; Adhikari et al., 2009a). For each of the elements: C, O and N 
in the powder sample, the relative amount of protein, fat and sugars on the particle surface 
can be calculated by using Eqs. (2)– (4) (Fäldt, et al., 1993) 
s
C  .I.I.II Csp
C
pff
C
sample        ------------------------ (2) 
s
O
sp
O
pf
O
f
O
sample .I.I.II         ------------------------ (3) 
s
N
sp
N
pf
N
f
N
sample .I.I.II        ------------------------- (4) 
 
where ,I
C
sample  
O
sampleI  and 
N
sampleI  are the relative amounts of carbon, oxygen and nitrogen in 
the sample; ,ICf  
C
pI  and 
C
sI are relative amounts of carbon in fat, protein and sugar; ,I
O
f  
O
pI  and 
O
sI  are relative amounts of oxygen in fat, protein and sugar; and ,I
N
f  
N
pI and 
N
sI  
are relative amounts of nitrogen in fat, protein and sugar and f, p and  s are the fractions 
of area covered with  fat, protein and sugar, respectively. The fraction of area covered by 
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each component can be estimated by solving the above equation by matrix inversion, as 
previously reported by Fäldt, Bergenståhl, & Carlsson (1993). (see Figs. 3 and 4). 
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Figure 3: Adsorbed layer of β-lactoglobulin (0.1 w/w% protein, pH 6.0) at the air–water interface. The adsorbed 
amount (□) and the layer thickness () are plotted against time (Horne et al., 1998). 
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Figure 4: Displacement of β-lactoglobulin from the interface by hydrogenated surfactant (H-C12E6). Normalized 
adsorbed amount of protein is plotted against the surfactant: protein molar ratio. The points correspond to experiments 
at different surfactant concentrations.  The fitted curve is a complementary error function in log(R) whose parameters 
have been varied to produce the best fit seen here (Horne et al., 1998). 
 
In the work carried out by Kim et al. (2003), the distribution of milk components 
in the near surface region of the industrial spray-dried milk powders (skim and whole 
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milk powders) was studied using ESCA combined with the free fat extraction procedures. 
The results showed that the surface composition of powders is surprisingly different from 
the bulk composition of powders (Kim et al., 2002; 2003; Nijdam and Langrish, 2006). 
The bulk composition of skim milk powder was 58% lactose, 41% protein and 1% fat 
while the surface was covered with 36% lactose, 46% protein and 18% fat. On the other 
hand, for whole milk powder with bulk composition of 40% lactose, 31% protein and 
29% fat, the surface was covered with 2% lactose, negligible amount of protein and 98% 
fat. It can be seen from these results that there is an over-representation of fat on surface 
compared to that of the bulk powder. This shows that there is segregation among the 
components and the fat is preferentially accumulated on the surface. It was also 
highlighted that the outermost surface of milk powders was largely covered by 
unprotected fat particles. Below this, fat globules protected by protein or individual 
proteins were found (Kim et al., 2003). The above surface composition data were verified 
by Kim et al. (2002) by further experimentation, such as surface structure studies, fat 
localization studies, wetting tests and the measurement of surface oxygen test during 
storage. 
 
Fäldt and Bergenståhl (1995) studied the influence of the oil phase on the fat 
encapsulation during spray-drying of emulsions containing sodium caseinate and lactose. 
This work was further extended to study the influence of lactose on the fat encapsulation 
in spray-dried sodium caseinate-stabilized emulsions having different fat contents (Fäldt 
and Bergenståhl, 1995; Vega and Roos, 2006; Vignolles et al., 2007). ESCA revealed that 
the powder surfaces were usually dominated by protein (Fäldt and Bergenståhl, 1994;                 
Abdul-Fattah et al., 2007) while fat was mostly encapsulated inside the particles. Another 
interesting finding in this study is that the presence of lactose is important in obtaining 
complete encapsulation of the fat after spray-drying of sodium caseinate stabilized 
soybean oil emulsions. The role of lactose can be explained as follows. Before drying, the 
protein is the most surface-active component in the emulsion and is accumulated at the 
air–water interface of the drying droplets (Fäldt and Bergenståhl, 1994; Elversson and                       
Millqvist-Fureby, 2006). The protein in the surface film of the emulsion is completely 
hydrated and the loss of water during drying would result in the shrinkage of the film. 
However, if the emulsion contains lactose, the lactose can replace the water to some 
extent and keep the protein solubilized after drying and thereby lactose reduces the 
shrinkage. This leads to the increase in stability of the sodium caseinate film on the 
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powder surface, and less fat leaks out onto the powder surface (Fäldt and Bergenståhl, 
1995). In a later study conducted by the same authors, it was revealed that the addition of 
lactose to a whey protein-stabilized emulsion prevents the increase in emulsion droplet 
size when emulsions were spray-dried and redispersed. For powders with or without 
lactose, the surface composition was not very different (Fäldt and Bergenståhl, 1996). 
Gaiani et al., (2006) found that that the surface of native phosphocaseinate powder 
(NPC), NPC powder containing lactose (NPC+L) and NPC powder containing lactose 
and soluble minerals from ultrafiltrate (NPC+UF), was mainly covered by proteins. 
Millqvist-Fureby et al. (2001) studied the surface composition of protein-stabilized and 
pre-heat treated emulsions and showed that the powder surface coverage of protein 
decreased with increasing degree of protein denaturation and that it led to smaller droplet 
sizes upon atomization. This establishes that the state of protein (native or 
unfolded/aggregated) used as emulsifiers can have a great impact on both emulsion 
properties and the surface composition of the spray-dried powders produced from these 
emulsions. It is important that the proteins are in a native state otherwise if the proteins 
are denatured they make the emulsion less stable and more fat could be expected at the 
powder surface. This surface fat not only worsens the stickiness during drying, but it also 
leads to fat oxidation and the powder becomes rancid on storage. Williams and Prins 
(1996) observed that diffusion of proteins to and from the interface is likely only if the 
protein molecules retain their native structure. This is because the structurally denatured 
(unfolded) proteins do not have driving force to desorb or adsorb (Fainerman et al., 2006).  
 
The surface composition of a spray-dried emulsion is usually determined by the 
ingredients and emulsion processing (Fäldt and Bergenståhl, 1995; Millqvist-Fureby et 
al., 1999). It was observed that if the proteins were the only emulsifiers present, they 
would adsorb to the oil interfaces, normally in proportion to their concentrations in the 
aqueous phase (Hunt and Dalgleish, 1994a, b). If the solution contains a surface-active 
component such as protein, this was shown to dominate the surface of the spray-dried 
powder (Fäldt, 1995; Fäldt and Bergenståhl, 1994).  
 
Surface composition of spray-dried emulsions composed of various milk protein 
fractions, lactose and rapeseed oil is influenced by the type of protein and the pH 
treatment of the protein (Millqvist-Fureby et al., 1999). The surface activity of protein, 
protein size and other properties of proteins are important factors in determining the 
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protein coverage of powders (Millqvist-Fureby et al., 1999). The protein and lactose 
coverage are increased at high pH, while the fat coverage is significantly reduced 
(Millqvist-Fureby et al., 1999). The pH of the solution affects the properties of the protein 
and thereby the surface tension and adsorption kinetics. Sodium caseinate is efficient at 
encapsulating the rapeseed oil, which is present to a level of 35% or less at the surface 
(Millqvist-Fureby et al., 1999). 
 
3. Effect of proteins on emulsions and spray-dried food powders 
Emulsions that are stabilized only by protein are very stable to coalescence, 
provided sufficient protein is available to fully cover the droplet surface (Tcholakova et 
al., 2002, 2006a; van Aken, 2003). Upon adsorption, proteins form thick adsorption 
layers, in which the protein molecules are often bound together by cohesive bonds and 
have a low lateral mobility (van Aken, 2003; Clark et al., 1990). Adsorbed protein layers 
are very effective in stabilizing thin films between emulsion droplets due to their electric 
charge, thickness and their high elasticity (van Aken, 2003). Although the study of food 
emulsion systems generated from proteins is dominated by research into milk proteins, 
there exists a growing interest in the use of vegetable proteins from cereals and legumes 
for the formation and stabilization of food emulsions and foams (Rodríguez Niño et al., 
2005).  
 
Competitive adsorption is a common characteristic of many systems containing a 
mixture of surface-active species such as proteins. Competitive surface adsorption 
between surface-active substances in liquid formulations can be used to better encapsulate 
and protect a sensitive protein/enzyme formulation and also to modify the powder 
properties. Surface competition during spray drying involves adsorption of surface-active 
components to the air–liquid interface of drying droplets (Elversson and                           
Millqvist-Fureby, 2006). Competitive adsorption between two proteins, bovine serum 
albumin (BSA) and -lactoglobulin to the air–water interface during spray drying process 
was investigated by Landström et al. (2000). Solutions consisting of mixtures of pyrene 
labelled BSA and -lactoglobulin were spray dried together with dextran. The 
fluorescence quenching method was used to determine the adsorbed fraction of protein at 
the powder surface (Landström et al., 2000). The adsorbed fraction of protein at the 
surface X ads  was calculated from the fluorescence intensity measured in an oxygen 
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atmosphere (I0) and the intensity measured in an argon atmosphere (I) (Landström et al., 
1999). 







0
ads
I
I
-1  X  ------------------------ (5) 
The apparent surface load of protein, * , was determined from the adsorbed 
fraction of protein at the powder surface (mgm
-2
), ,Xads  the surface area of the powder, 
A(mg/g) , and the amount of protein in the powder, C (mg/g powder):  
A
X
 C  ads*  ---------------------- (6)  
 
Results showed that -lactoglobulin started to appear at the powder surface at a 
concentration as low as 0.033% (w/w) of the dry material, giving an apparent surface load 
of 0.07 mg/m
2
. As the protein concentration increased the apparent surface load increased 
sharply to 0.9 mg/m
2
, thereafter the increase of the amount of protein at the surface was 
less effective (Landström, Alsins, & Bergenståhl, 2000). -lactoglobulin was found to 
have a greater tendency for larger surface load compared to BSA (Landström et al., 1999; 
Landström, Alsins, & Bergenståhl, 2000). This indicates that -lactoglobulin is more 
surface-active than BSA during spray drying. It was also found that the protein adsorption 
during spray-drying gave the same total apparent surface load of protein independent of 
whether a single protein or a mixture of proteins was used (Landström, Alsins, & 
Bergenståhl, 2000). This means that one can choose a protein that can provide the best 
surface load.  
 
  It has been established that the composition of the droplet surface is preserved 
during spray-drying (Fäldt and Bergenståhl, 1994; Millqvist-Fureby et al., 1999; 
Landström et al., 2000). The surface active components, such as proteins, in the                    
spray-dried solution adsorb in preference to the air–liquid interface of the droplet and 
hence dominate the powder surface. The adsorption process of proteins at the air–water 
interface is regarded as a three step process (MacRitchie and Alexander, 1963a,b,c): 
firstly, diffusion of molecules from the bulk solution to the subsurface region; secondly, 
the adsorption of molecules from a subsurface to the air–water interface; and finally, the 
reconformation or rearrangement of adsorbed molecules within the surface layer. The 
adsorption behaviour of protein to the air–water interface during spray-drying can be 
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assumed to be mainly diffusion controlled due to the short lifetime of the droplet. The 
size of the protein will be the dominating factor in diffusion controlled adsorption. The 
smaller the size of the proteins, the faster the adsorption of proteins to the air–water 
interfaces (Landström et al., 2000). The minimum theoretical time to reach the surface 
coverage of protein attained through diffusion-limited adsorption can be calculated by the 
established expression (7) (MacRitchie and Alexander, 1963a):  
D C 4
n 
t
2
b
2
     ------------------------ (7) 
where 
bC is the bulk concentration (molm
-3
), D is the protein bulk diffusion coefficient 
(m
2
s
-1
), n is the number of moles per unit area (molm
-2
) and t is the time elapsed since the 
formation of the fresh air/water interfaces(s). 
 
The theoretical time for reaching the apparent surface load of protein would be 
about 0.2–0.3 s. During spray-drying too, the proteins require this time scale to diffuse to 
the air–water interface (Fäldt, 1995). This supports the argument that the diffusion is the 
main mechanism with which proteins migrate to the air–water interface during                       
spray-drying process. However, Landström, Alsins, & Bergenståhl (2000) argue that not 
only diffusion but also the high shear rate influences the protein adsorption at air–water 
interface during spray-drying. When an aqueous solution of lactose–sodium caseinate was 
spray-dried, it was found that the sodium caseinate dominated the surface composition of 
the powder (Fäldt, Bergenståhl, 1994).  
 
Many oil-in-water type food emulsions are stabilized primarily by an adsorbed 
layer of protein forming a protective steric barrier around the dispersed droplets (Chen et 
al., 1993). Most of the adsorbed proteins exist in conformations that are different from 
their native states, although for globular proteins the change in secondary structure may 
be limited (Dalgleish, 2006). This is due to the tendency of hydrophobic parts of the 
molecules to be adsorbed to the hydrophobic interface with a significant distortion or 
disruption of their secondary or tertiary structures (Fang and Dalgleish, 1998).  
 
Elversson and Millqvist-Fureby (2005) and Vehring (2008) investigated to what 
extent an aqueous two-phase system (ATPS) could encapsulate and protect the secondary 
structure of a protein during spray drying. The ATPS consisted of polyvinyl alcohol 
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(PVA) and dextran solutions in different ratios. Here a model protein, bovine serum 
albumin (BSA) and, in some trials trehalose, was added to the ATPS prior to                        
spray-drying. The ATPS concept was successful with regard to protein encapsulation 
during spray drying, thus minimizing the exposure of protein to the large air–liquid 
interface of droplets. However, PVA could not be considered appropriate for this purpose 
because the dried sample suffered from extensive aggregation of BSA. PVA increased the 
loss of native structure and dextran was not sufficient as a stabilizer. BSA dominated the 
powder surface in the absence of PVA while in its presence the polymer mainly covered 
the powder surface (Elversson and Millqvist-Fureby, 2005, 2006). It is interesting to note 
that although both PVA and BSA possess similar equilibrium surface activities 
(approximately 50 mN/m) a higher accumulation of PVA compared to that of BSA is 
observed at the powder surface. This can be due to the smaller size of PVA compared to 
BSA. Since mass transport in the drying droplet is mostly controlled by both diffusion 
and convection, the size of polymer and protein can become a controlling factor. The 
different adsorption kinetics of both PVA and BSA could be another reason for the 
outcome of the competition between PVA and BSA for the interface. The random coil 
configuration of PVA in solution would be beneficial for the faster rate of adsorption as 
compared to the ordered configuration of BSA which has to be unfolded for adsorption to 
occur (Elversson and Millqvist-Fureby, 2005, 2006).  
 
Caseins are more surface-active than whey proteins in the sense that they give a 
lower surface tension at air–water interface. Hence, it could be assumed that caseinate 
samples would give a higher surface coverage than whey proteins (Millqvist-Fureby et 
al., 1999). Brun and Dalgleish (1999) showed that caseins and whey proteins do not 
exchange readily between the interfaces and bulk of emulsions at room temperature and 
neutral pH. Caseins neither displace whey proteins adsorbed to the emulsion surface nor 
do they interact with the adsorbed whey proteins even at elevated temperatures. However 
if the layer of adsorbed whey proteins is not saturated casein may co-adsorb. The                        
α-lactalbumin and -lactoglobulin denature when they are heated at temperatures greater 
than 70 
o
C and at this stage they may interact with κ-casein and 2s -caseins. 
 
Whey proteins once adsorbed at the interface create a more elastic interface 
compared to the caseins. The higher the -lactoglobulin content, the more elastic is the 
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interface. The elasticity values for whey proteins are much higher at the                                         
n-dodecane–water interface than those at the air–water interface (Rouimi et al., 2005). 
Murray et al., (1998) found that films exhibit higher elastic moduli at the oil–water 
interface than the air–water interface. This was due to a greater unfolding and flexibility 
of the protein at the oil water interface as a result of better solvation of the hydrophobic 
regions of the polypeptide by the oil. 
 
Whey protein isolates (WPI) and caseinates have been recognized for their 
emulsifying and gelation properties. The adsorption behaviour of WPI is very much 
different from that of caseinate (Hunt and Dalgleish, 1994a; Sánchez & Rodríguez Patino, 
2005; Ye, 2008). Hunt and Dalgleish (1994a) reported the limiting surface concentrations 
required to stabilize emulsions containing caseinate and WPI to be 1 and 1.5 mg/m
2
, 
respectively. This difference is consistent with the more flexible nature of caseins 
compared to the globular whey proteins. The maximum surface concentration of both 
proteins was 3.2 mg/m
2
 at protein concentrations >2.25% (w/w) in the bulk. When protein 
concentration was the limiting factor, caseins were able to cover and stabilize a greater 
interfacial area than globular whey proteins (Sánchez & Rodríguez Patino, 2005; Ye, 
2008). Hunt and Dalgleish (1994) found that WPI concentration of 1% in bulk (20% oil 
and 79% water) resulted in a WPI surface concentration of 2.21 mg/m
2
, which they 
suggested to be the mono-molecular layer concentration of this protein. In order to find 
the order of magnitude of this concentration, they calculated the mono-molecular layer 
concentration of -lactoglobulin on a 0.75 µm fat droplet. This is the average droplet size 
of the emulsion reported by the same authors. As -lactoglobulin is a major constituent of 
WPI, the mono-molecular layer concentration of the former will provide a reasonable 
estimate of the latter. Using molecular weight and solid density values of -lactoglobulin 
(18,360 Da, 1.261 g/cm
3
) (Berlin and Pallansch, 1968), its molecular diameter can be 
calculated to be 35.88 A
o
. The concentration required for -lactoglobulin to form a                 
mono-molecular layer on the 0.75 m fat droplet is estimated to be 2.27 mg/m2 assuming 
100% surface coverage and 1.95 mg/m
2
 assuming 86% coverage (due to repulsive effect). 
This supports Hunt and Dalgleish (1994)‘s suggestion that the surface protein 
concentration of 2.21 mg/m
2
, corresponding to 1% w/w bulk concentration, constitutes a 
mono-molecular layer protein concentration. 
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For caseinate-stabilized emulsions with protein concentrations >1.5% w/w, there 
was less adsorption of -casein compared to the other caseins (Hunt and Dalgleish, 
1994a). In these emulsions -caseins preferentially adsorbed at the surface compared to 
1s -caseins at <2% (w/w) protein concentrations (Ye, 2008). However, such preference 
was observed for neither 1s -casein nor -casein at >2% (w/w) protein concentrations 
(Hunt and Dalgleish, 1994a; Srinivasan et al., 1996). In emulsions stabilized by a model 
mixture of -casein and 1s -casein, the -caseins adsorb in preference to 1s -casein 
(Dickinson et al., 1988; Dickinson, 1994; Fang and Dalgleish, 1993) which can be 
attributed to comparatively lower surface viscosity of -casein than that of 1s -casein 
(Dickinson, 2001). It has been shown that sodium caseinate has better encapsulation 
properties than micellar casein (Vega et al., 2005b). This result could be explained 
according to the molecular conformation, the high diffusivity, and the strong amphiphilic 
characteristics of the individual caseins, which allow for a better distribution around the 
fat globule surface than micellar caseins (Dickinson et al., 2003). The surface shear 
viscosity is 103–104 times larger for -lactoglobulin than that of -casein at the 
hydrocarbon–water interface. The highly viscoelastic character of adsorbed                                  
-lactoglobulin is mainly due to the high 2-D packing density and strong protein–protein 
interactions compared to the loose packing and weak protein–protein interactions of 
casein monolayers (Dickinson, 2001). This means that the -lactoglobulins will have a 
greater tendency to resist the desorption when they are on the surface. This fact can be of 
interest when creating protein-coated powders.  
 
The interfacial dilatational properties of -lactoglobulin and -casein were studied 
over a wide range of protein concentrations at both the air–water and oil–water interfaces 
(Williams and Prins, 1996; Jones and Middelberg, 2003; Freer et al., 2004;                      
Lucassen-Renders et al., 2004; Maldonado-Valderrama et al., 2005; Xu et al., 2008). It 
was found that no protein penetrates the oil phase to any great extent. At low bulk 
concentrations the -lactoglobulin can unfold to a large degree thereby causing the 
surface structure to be to some extent similar to that of -casein. At high bulk 
concentrations both proteins may form an interfacial network, through protein–protein 
interactions and it is believed that for the globular proteins, it is very much stronger. On 
the one hand if -casein is in higher concentration, either diffusion to and from the bulk 
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or rearrangement between the adsorbed primary and multi-layers takes place. On the other 
hand neither conformational changes nor diffusion exchange was found taking place in 
case of -lactoglobulin (Williams and Prins, 1996). It was revealed that the stability of                               
-lactoglobulin containing emulsions significantly decreased after one day of shelf 
storage. This phenomenon, termed ‗‗the aging effect‖, is not related to changes in the 
mean drop size or protein adsorption. The aging effect is caused by conformational 
changes in the protein adsorbed layer accompanied by formation of non-covalent bonds 
(H-bonds and hydrophobic interactions) between adsorbed molecules. These bonds 
transform the adsorption layer into a brittle shell, which is inefficient in protecting the 
drops against coalescence (Tcholakova et al., 2006b). Dalgleish (1996) stated that when a 
freshly prepared emulsion of oil stabilized with -lactoglobulin was treated with casein, 
an increase in the diameters of the particles was observed consistent with the adsorption 
of casein either along with or replacing the original interfacial protein. On the other hand 
when casein was added to an aged emulsion, no increase in diameter was observed, 
consistent with the increasing rigidity of the adsorbed protein, which makes it more 
difficult to replace. Similar results are observed for the displacement of adsorbed                         
-lactoglobulin by small molecule weight surfactants (Dalgleish, 1996; Mackie and 
Wilde, 2005). The results of this study confirmed that the displacement of the adsorbed 
proteins depends on the age of the emulsion. It is important to add casein into a freshly 
prepared emulsion of oil stabilized with -lactoglobulin rather than to an aged emulsion 
stabilized with -lactoglobulin if more casein is needed at the interface. 
 
The effect of spray-drying and reconstitution has been studied for oil-in-water 
emulsions (20.6% maltodextrin, 20% soybean oil, 2.4% protein, 0.13M NaCl, pH 6.7) 
with different ratios of sodium caseinate and whey protein (Sliwinski et al, 2003). After                
spray-drying and reconstitution, a portion of the adsorbed sodium caseinate, 1s -casein 
and -casein were found to be displaced by whey protein while 2s -casein and κ-casein 
remained largely unchanged. These results are on par with the results obtained by Brun 
and Dalgleish (1999) that both -casein and 1s -casein were displaced by whey proteins 
during heating even though they are normally regarded as more surface-active. The rate 
of displacement was temperature dependant. Heating of -lactoglobulin and κ-casein in 
combination did not lead to displacement of κ-casein. It was observed that when the 
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concentration of sodium caseinate in emulsion was high enough to completely cover the 
oil–water interface, spray-drying and reconstitution hardly affected the particle size 
distribution (Sliwinski et al., 2003). However, spray-drying resulted in a strong increase 
of the droplet size distribution for emulsions of which contained greater than 70% (w/w) 
whey protein. The adsorbed amount of protein for casein-stabilized emulsion was                          
3 mgm
-2
 while it was 4 mgm
-2
 for whey-stabilized emulsions with a maximum of                       
4.2 mgm
-2
 for emulsions containing 80% whey protein on total protein. About one quarter 
of the available protein was adsorbed at the oil–water interface. The differences between 
adsorbed casein and their interaction with whey protein on heating are related to the 
difficulty to form disulphide linkages (Sliwinski et al., 2003). According to Tcholakova et 
al., (2006b) the heating of emulsions at C β-lactoglobulin > 0.04% w/w, Celectrolyte > 150 mM, 
and pH > 6.2 leads to additional protein adsorption and irreversible attachment of the 
protein molecules in the formed adsorption multilayer. As a result, the emulsion 
coalescence stability increases more than three times. The increased adsorption and the 
irreversible attachment of protein molecules in the adsorption layer are due to formation 
of disulphide bonds upon heating. 
 
Maa et al., (1998) examined the effect of air–liquid interface on the stability of 
two model proteins namely recombinant human Growth Hormone (rhGH) and 
recombinant human deoxyribonuclease (rhDNase). rhDNase was relatively stable while 
rhGH denatured at the air–liquid interface especially at high shear. rhGH had greater 
tendency to adsorb to the air–liquid interface than rhDNase due to lower surface tension 
and higher foaming tendency. Another observation was that higher aggregation of rhGH 
occurred at high protein concentration and a large air–liquid interfacial area. By addition 
of a surfactant or an anti-foaming agent the rhGH aggregation was minimized                    
(Maa et al., 1998). The state of aggregation was found to depend on the interactions 
between adsorbed protein layers on colliding droplets which ultimately were linked to 
protein surface coverage, the layer thickness, the surface charge density and the aqueous 
solution conditions (especially pH, ionic strength, and calcium ion content) (Dickinson, 
2001). 
 
It was revealed that preferential migration of proteins (sodium caseinate and whey 
protein isolate) driven by their surface activity allows the generation of surface 
engineered powders of sugar-rich foods. The use of both sodium caseinate and whey 
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protein isolate in a pilot scale spray dryer led to an excellent recovery of 84–85% of 
amorphous sucrose powder when just 0.125% of these proteins were used in the solution 
(Adhikari et al., 2009b). This amount of protein addition is negligible compared to the 
amount of maltodextrin (DE6) (>40%w/w) required to obtain the same extent of recovery 
of sucrose powder under similar drying conditions (Truong et al., 2005). The greatly 
enhanced powder recovery with the addition of 0.125% of protein in solution is an 
indication of the protein-rich film formed at the interface. This level of protein addition in 
sucrose solution was successful in overcoming the coalescence of droplets as well as 
sticky interactions of the droplets or particles at the wall. Although the nature of the films 
and the dilatational elasticity of both sodium caseinate and whey protein isolate were 
quite different, these differences did not influence their ability to overcome the                   
droplet–droplet coalescence and particle–wall stickiness. The presence of higher amounts 
of proteins (0.25%) or the use of different types of protein did not make any difference 
(Adhikari et al., 2009b). This indicates that proteins can be used as ‗smart drying aids‘ to 
minimize the stickiness of sugar and acid-rich foods through surface modification. It was 
observed that there was a of trace amount of low molecular weight surfactants (LMS) 
present in industrially obtained sugar samples (Adhikari et al., 2007b). Therefore, it is of 
practical significance to investigate the implication of the presence of trace amounts of 
LMS along with proteins in the surface stickiness of sugar-rich foods. 
 
4. Effect of low molecular weight surfactants and proteins on emulsions and                     
spray-dried food powders 
A series of studies were undertaken to understand the mechanisms by which the 
LMS displace proteins at air–water interface and oil–water interfaces (Wilde and Clark, 
1993; Dalgleish, 1997; Wilde et al., 2004; van Aken, 2003; Dalgleish, 2006). The 
interfacial layers of many oil-in-water emulsions contain proteins, in many cases mixed 
with other surfactants (Dalgleish, 2006). The types of emulsifier or foaming agents used 
in foods are low molecular weight surfactants such as mono- and diglycerides 
(Cremodan), phospholipids, sodium stearoyl lactate, diacetyl tartaric acid ester of                  
mono- and diglycerides, polysorbates, lecithin and macromolecules such as proteins and 
some hydrocolloids (Romoscanu and Mezzenga, 2005; Bezelgues et al., 2008).                             
Protein–surfactant interactions are of importance in a wide range of applications, 
particularly in the food industry. It is known that the properties of the interfacial layers 
depend not only on the quantities of materials adsorbed but also their structures 
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(Dalgleish, 2006). Dalgleish (1997) stated that the composition of the interfacial layer is 
governed mostly by what is present at the moment the emulsion is formed. 
 
 Proteins and surfactants stabilize interfaces by different mechanisms (Dalgleish, 
1996). The composition and structure of the stabilizing layer is determined by competitive 
adsorption between proteins and surfactants at the interface and by the nature of                      
surfactant–protein interactions, both at the interface and in the bulk aqueous phase 
(Dickinson and Woskett, 1989). Proteins form an immobile viscoelastic network whereas 
lipids and surfactants rely on high degree of mobility to stabilize interfaces by the                 
Gibbs–Marangoni mechanism. Since the two mechanisms are incompatible, the addition 
of surfactant leads to competition between the two resulting in the displacement of protein 
from the interface. The adsorption of surfactant weakens the protein network and reduces 
the stability of the foam. Individually, the viscoelastic and Marangoni mechanisms 
produced highly stable dispersions (Wilde and Clark, 1993). The proteins do not lower 
the interfacial tension as much as simple surfactants do, but effective saturation of the 
surface is reached at molar protein concentrations 103–104 times lower than for the 
simple surfactants. At higher concentrations in the bulk phase, the surfactants lower the 
interfacial tension much more than the proteins due to the better packing of the small 
amphiphiles in the vicinity of the Gibbs plane (Dimitrova et al., 2004). The vast majority 
of food emulsions comprise both proteins and surfactants that compete for space at the 
interface (Mackie et al., 2000) and in those foods, the stability of colloidal dispersed 
phases is primarily dependent on protein films adsorbed at the interface (Rodriguez 
Patino et al., 2003). In contrast to the positive effects on emulsion stability, the addition of 
surfactant causes destabilization through an enhancement of droplet aggregation due to 
supposed disruption of adsorbed protein layers during air incorporation or whipping 
(Courthaudon et al., 1991). This finding is supported by Mackie et al. (1999) who have 
shown that small quantities of surfactant if added to protein-stabilized interface reduce the 
stability rather than enhance it. 
 
Golemanov et al., (2008) proposed a new class of surfactant mixtures, which are 
particularly suitable for studies on foam dynamic properties. The surfactant mixture 
contained an anionic surfactant sodium lauryl-dioxyethylene sulphate (SLES), 
zwitterionic surfactant cocoamidopropyl betaine (CAPB) and medium chain fatty acids, 
lauric acid (LAc) and myristic acid (MAc). These surfactant mixtures have several 
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advantages in comparison to other foam stabilizers that have been used for control of 
surface mobility so far: a wide range of surface properties is possible by varying 
surfactant composition, variable bulk viscosity with Newtonian behaviour of the liquid 
phase, clear solutions without precipitates and no gradual changes of surface properties 
with time (typical for proteins). 
 
Rouimi et al., (2005) in their study on foam stability and interfacial properties of 
milk protein–surfactant systems found that whatever the protein type, the interface is 
elastic rather than viscous. For one type of interface (air–water interface or oil–water 
interface) no matter what protein in present, the surface tension values are quite similar. 
Therefore, protein samples cannot be significantly differentiated from each other based on 
surface tension values. However, these values are of importance in differentiating proteins 
from surfactants (Rouimi et al., 2005). Milk proteins saturate fluid interfaces at much 
lower concentrations than do small molecular weight surfactants (Dickinson, 2001). 
Competitive adsorption of pure milk proteins (-casein or -lactoglobulin) with non-ionic 
surfactants in oil-in-water emulsions is shown to depend on the age of the adsorbed 
protein layer (Chen et al., 1993). It was found that water-soluble surfactants are more 
effective than oil-soluble surfactants in displacing protein molecules from interfaces 
(Dickinson, 2001; Rouimi et al., 2005). 
 
Adler et al., (2000) studied how the addition of a surfactant reduces protein 
adsorption in a mixture of trehalose, BSA and surfactant during spray drying. In this 
study, three surfactants (polysorbate 80, sodium dodecyl sulphate (SDS) and phospholipid 
lipoid (E80)) were tried. At low surfactant concentration the protein components 
predominate at the interface for a mixed solution of proteins and surfactants, whereas at 
high surfactant concentrations, a lower interfacial tension for surfactants than for proteins 
was observed due to more efficient packing in the saturated monolayer. Thereby the 
protein is completely displaced from the interface (Dickinson, 2001; Adler et al., 2000). It 
was found that no surfactant was capable of fully covering the surface at the point of 
complete protein exclusion. Protein exclusion from the water–air interface could be due to 
the complex formation between protein and surfactant in the bulk spray solution prior to 
atomization (Adler et al., 2000). The transition between predominantly protein and 
predominantly surfactant-stabilized emulsions is gradual and involves two major effects. 
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Firstly, the surfactant binds to the protein molecules, which occurs to a much larger extent 
for ionic surfactants compared to non-ionic surfactants (Dickinson and Woskett, 1989; 
Stenstam et al., 2001). Secondly, the surfactant adsorbs to the interface and at a 
sufficiently large concentration, competes with the protein for the available area (De 
Feijter et al., 1987; Dickinson and Woskett, 1989; Courthaudon et al., 1991; Chen and 
Dickinson, 1993; Horne et al., 1998). An important parameter here is the molar ratio (R) 
of surfactant and protein present in the system. A gradual displacement of protein by non-
ionic surfactants occurred in the range 1<R< 20 in emulsions (van Aken, 2003). Coke et 
al., (1990) observed that at low R, an adsorbed protein layer stabilized the emulsion, 
whereas at high R the stability was obtained from an adsorbed surfactant layer. Neither 
mechanism was effective in explaining the relative instability of emulsion for 
intermediate R. -lactoglobulin was able to bind one uncharged lipid or surfactant 
molecule per protein molecule. At R <1 most Tween 20 was bound to -lactoglobulin, 
while at R >1 free surfactant remained in the solution and was able to displace adsorbed 
protein molecules by forming a surfactant layer (van Aken, 2003). The relative molar 
ratio of surfactant: protein necessary for complete displacement of protein is higher for 
SDS than for polysorbate 80 (Adler et al., 2000). van Aken (2003) also suggested that one 
of the functions of adding surfactants to emulsions, which are primarily stabilized by 
protein, was to reduce the sensitivity to flow-induced coalescence. The adsorption 
behaviour of -lactoglobulin showed substantial time dependence.  
 
Wilde and Clark (1993) studied the displacement of -lactoglobulin by Tween 20 
from oil–water and air–water interfaces and showed that the disruption of protein–protein 
interactions and the onset of protein surface diffusion occurred at much lower molar ratios 
in the oil–water–oil film compared to the air–water–air film. This was due to the 
increased surface activity of -lactoglobulin:Tween 20 complex at the oil–water interface 
(Wilde and Clark, 1993). De Feijter et al., (1987) studied the displacement of proteins                  
(-casein and -lactoglobulin) by water and oil-soluble surfactants in 50% oil-in-water 
emulsions. The surface concentration of both protein and surfactant was measured. It was 
found that the surfactants partly or even completely displaced the protein from the droplet 
surface, depending on the surfactant concentration and type. The displacement was found 
to be independent of protein type and the way in which the surfactant was added (before 
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or after emulsification) but was found, to some extent, to depend on the type of oil                                     
(De Feijter et al., 1987).  
 
Cornec et al., (1998) found that an interface stabilized by -casein was more 
sensitive to oil-soluble surfactant concentrations than one stabilized by -lactoglobulin. 
This was probably due to the formation of a more viscoelastic interface by                            
-lactoglobulin compared to -casein (Murray and Dickinson, 1996). However,                     
water-soluble surfactants are more effective than oil-soluble surfactants in displacing 
protein molecules from interfaces of various commercial products separately or in 
mixtures (Dickinson, 2001; Rouimi et al., 2005). A much higher surfactant concentration 
is needed for complete displacement of protein for an anionic surfactant such as SDS, 
which forms interfacial complexes with protein (Dickinson, 2001). By knowing the 
balance of protein–protein, protein–surfactant and surfactant–surfactant, both at the 
interface and the bulk solution, the detailed structure and composition of the mixed 
protein and surfactant layer could be determined (Dickinson, 2001). The molecular 
hydrophilic–lipophilic balance (HLB) determines whether a surfactant is predominantly 
oil-soluble (low HLB) or water-soluble (high HLB) (Cornec et al., 1998). High stability 
of oil–water emulsion is obtained for surfactants with a high HLB number (van Aken, 
2003). Molecules of water-soluble surfactants have the ability to bind to protein 
molecules both by electrostatic interaction (if the surfactant is ionic) and by hydrophobic 
interaction involving their hydrophobic tails and hydrophobic groups of the protein. If the 
HLB is larger for a protein–surfactant complex than for a protein molecule on its own, a 
solubilization mechanism will make it easier for the displacement of some of the protein 
from the monolayer of the interface (Pugnaloni et al., 2004).  
 
Proteins do denature when exposed to an air/water interface since proteins are 
frequently unfolded there. The potential for surface induced denaturation is substantial in 
particular at a low protein load when the large surface area in a spray is considered 
(Mumenthaler et al., 1994; Maa et al., 1998; Millqvist-Fureby et al., 1999). Addition of a 
polymeric coating to protein formulations during spray drying could enhance the protein 
stability by preventing or reducing protein–surface interactions. Prevention/reduction of 
protein–surface interactions can be observed for protein formulations with addition of 
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LMS such as polysorbate 20, polysorbate 80 and SDS etc (Maa et al., 1998; Mumenthaler 
et al., 1994; Millqvist-Fureby et al., 1999; Adler et al., 2000).  
 
In pharmaceutical science the competitive adsorption of proteins and LMS has 
been extensively researched (Maa et al., 1998; Maa and Hsu, 1997). It is very important 
that the protein denaturation is prevented or reduced. Polysorbate being a low molecular 
weight surfactant occupies the air liquid interface of spray droplets, thereby reducing the 
chance for active protein ingredients to form insoluble aggregates by surface 
denaturation. The minimum polysorbate concentration, which gave the best protection 
from aggregation, is said to be the critical polysorbate concentration (cpc). Excess 
polysorbate molecules have no effect on further preventing protein molecules from 
aggregation beyond the cpc. The cpc was found to be around 0.05% regardless of protein 
concentrations (Maa et al., 1998).  
 
The surface activity of different components has been shown to have a strong 
impact on protein surface coverage (Abdul-Fattah et al., 2007; Vehring, 2008). The effect 
of addition of Polysorbate-80 (Tween-80) and SDS on the spray drying of protein–sugar 
solution was studied by Adhikari et al., (2007b). A trace amount of surfactants was added 
(0.05% w/w) in the sample. It was observed that when merely 0.05% of Tween-80 was 
added to both the sucrose–sodium caseinate (99.5:0.5) and sucrose–whey protein isolate 
(99.5:0.5) solutions, no powders were obtained. No difference in recovery was observed 
even in the presence of a higher amount of proteins (sucrose: sodium caseinate = sucrose: 
whey protein isolate = 99:1) or the use of different types of proteins. These results show 
that Tween-80 had displaced protein completely from the droplet surface indicating that it 
is not the right choice for amorphous powder production from sugar rich foods (Adhikari 
et al., 2007b). A similar study was carried out by Grigoriev et al., (2007), based on the 
structure and rheological properties of mixed BSA/ Tween-80 adsorption layers at the 
air/water interface. The incorporation of increasing amounts of Tween-80 into the 
adsorption layer very efficiently destroys its network structure which exists between BSA 
molecules at CTween-80 = 10
-6
 M and below. The whole BSA is displaced into the 
subsurface and the network structure becomes completely broken at CTween-80 = 5 x 10
-6
 M 
(Grigoriev et al., 2007). On the other hand when 0.05% of SDS was added to                       
sucrose–sodium caseinate (99.5:0.5) solution the powder recovery was 64%, which is 
21% less, compared to the recovery from the same solution in the absence of SDS. 
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Similarly when the same amount of SDS was added to sucrose–whey protein isolate 
(99.5:0.5) solution the powder recovery was 39%. However with a higher amount of 
protein (sucrose–sodium caseinate = sucrose: whey protein isolate = 99:1) the total 
recovery increased to 68% in the case of sucrose–sodium caseinate and in the case of 
sucrose: whey protein isolate the powder recovery increased to 63%. Where powder 
recovery is concerned the effect of SDS on the effectiveness of these two proteins is 
almost similar when they were present at concentrations greater than 0.25% in the 
solution. However at lower concentrations (0.125%) whey protein isolate showed much 
less effectiveness in reducing stickiness on powder recovery (Adhikari et al., 2007b). The 
difference in effectiveness of Tween-80 and SDS in dislodging the protein from the 
droplet surface could be due to their inherently different surfactant–protein interactions, 
which can be explained by the Orogenic displacement model (Mackie et al., 1999). In the 
Orogenic displacement model, the surfactant molecules adsorb at vacant defects or holes 
in the protein network. These nucleated sites grow, compressing the protein network. At 
the initial stage the compression of the protein network occurs without displacement of 
the proteins from the interface. At the second stage the buckling of the monolayer and 
reordering of the molecules occur as the protein film gets thicker with regard to the 
decreasing surface coverage. Finally the protein network begins to fail at sufficiently high 
surface pressures, thereby freeing the proteins, which then desorbs from the interface. 
Bezelgues et al., (2008) compared the foaming and foam stabilization performance of low 
molecular weight food grade lamellar crystal forming surfactants (SSL, Datem and 
Cremodan Super) with those of a micelle forming surfactant (Tween-80) and WPI. Foams 
produced by SSL, Datem and Cremodan Super were more stable than the foams 
generated in the presence of WPI or Tween-80. Moreover, SSL, Datem and Cremodan 
showed lower equilibrium surface tension compared to those of Tween-80 and WPI. This 
observation indicates that once lamellar crystal forming surfactants are at the interface 
they form tightly packed surfactants layers around the foam bubbles with sufficiently high 
viscoelastic properties.  
 
5. Concluding remarks 
A rich amount of information is available on the composition and structure of 
interfacial layers consisting of proteins and surfactants and how these interfacial layers 
stabilise emulsions and spray-dried milk powders. Furthermore, a large pool of 
information is available regarding the surface and bulk composition of spray-dried 
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powders. However, very little information is available on how surface migration is 
quantified for spray dried powders containing sugars and organic acids when proteins are 
added as ‗smart drying aids‘. The effect of food grade surfactants on the particle 
formation process of sugar–protein–water system is not yet explored. Since spray-drying 
of sugar and acid-rich foods is a major challenge to both academia and industry due to 
their inherent sticky behaviour, surface modification by proteins along with LMS can be 
very useful in overcoming this problem. In this regard it is very important that surface 
migration of proteins and LMS is quantified and the mechanisms of                                   
surfactant–protein–sugar interactions during drying process are studied. Information 
coming from such studies can be applied to produce composite and surface engineered 
food powders through spray-drying.  
 
In this regard, research is underway in our laboratory to quantify the migration of 
protein in sugar–protein matrix, and migration of food grade surfactant in                            
sugar–protein–surfactant matrix, and their implication in powder formation of sugar and 
acid-rich foods. 
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CHAPTER 3 
 
 
 
THE EFFECT OF PROTEINS ON SPRAY-DRYING OF SUGAR-RICH FOODS 
 
 
 
It has been found that the preferential migration of proteins combined with their 
film-forming property upon drying, is responsible for overcoming the stickiness of      
sugar–protein solutions (Adhikari et al., 2009a). Proteins from legume seeds have been 
widely studied with regard to functional and bioactive properties and are considered 
important for novel food development and for human health (Pereira et al., 2009). The 
relationship between physico-chemical characteristics and interfacial behaviour on 
oligomeric plant proteins (pea legumin) was investigated by Subirade, Gueguen, and 
Schwenke (1992). They found that the molecular properties of oligomeric seed proteins, 
particularly size, net charge and conformational characteristics are important in 
controlling the surface activity. Although there are a few studies reported on surface 
modification of sugar-rich foods with dairy proteins such as whey protein and sodium 
caseinate (Adhikari et al., 2009a), there is no comparative research on the efficacy of 
plant proteins in the modification of surface properties of droplets/particles of sugar-rich 
foods.  
 
Therefore, this study was aimed to investigate the effect of protein types both 
from a milk source (sodium caseinate) and a plant source (pea protein isolate) on                        
spray-drying of sugar-rich foods.  
 
 
Statistical analysis was performed using ANOVA. The mean values and standard 
deviation were calculated from triplicate experimental data. Differences were compared 
by Tukey test for all experiments and considered significant at p<0.05. All statistical 
analyses were performed with MINITAB 15. Powder production of sugar–protein and 
sugar–protein–surfactant formulations and solubilities of pure proteins were carried out 
for 3 replicates while all other experiments performed on the produced powders were with 
9 replicates. 
 
NaCas and PPI were abbreviated for sodium caseinate and pea protein isolate, 
respectively. 
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ABSTRACT 
The effect of protein types and low molecular weight surfactants (LMS) on      
spray-drying of sugar-rich foods has been studied using sucrose as a model sugar and 
sodium caseinate (NaCas) and pea protein isolate (PPI) as model proteins. Sodium 
stearoyl lactylate (SSL) and Polysorbate 80 (Tween-80) were chosen as model ionic and 
non-ionic LMS. The sucrose:NaCas and sucrose:PPI solid ratios were maintained at 
(99.5:0.5) and (99:1), respectively and spray-dried maintaining 25% solids in feed 
solutions. It was found that the proteins preferentially migrated to the air–water interface 
reasonably swiftly and the addition of LMS resulted in partial or complete displacement 
of the proteins from the air–water interface. More than 80% of amorphous sucrose 
powder was produced with the addition of 0.13% (w/w) of NaCas in feed solution. PPI 
was not as effective as NaCas and produced less than 50% recovery even at 0.26% (w/w) 
in feed. Addition of 0.01–0.05% SSL displaced 2.0% and 29.3% of proteins from the 
surface of sucrose–NaCas–SSL droplet, respectively, resulting in a 6.5±1.2% to 
51.9±1.9% reduction in powder recovery. The extent of protein displacement was higher 
when SSL was added into sucrose–PPI solution; however, the powder recovery was not 
much affected. The addition of 0.01% Tween-80 in sucrose–NaCas solution resulted in a 
48.2±1.5% reduction in powder recovery and at 0.05% concentration, it displaced a 
substantial amount or all the NaCas from the droplet surface and no powder was 
recovered. The addition of 0.01% and 0.05% Tween-80 into sucrose–PPI solution 
resulted in very low powder recoveries (24.9±0.4% and 29.5±1.8%, respectively). The 
glass transition temperature (Tg) results revealed that the amount of protein required for 
successful spray-drying of  sucrose–protein solutions depends on the amount of proteins 
present on the droplet surface but not on the bulk concentration. X-ray diffraction and 
scanning electron microscopy results showed that the powders of sucrose–NaCas/PPI and 
sucrose–NaCas/PPI with 0.01% SSL were mostly amorphous while those with                       
sucrose–NaCas/PPI–Tween-80(0.01%), sucrose–PPI–Tween-80(0.05%) and sucrose–
NaCas/PPI–SSL (0.05%) were crystalline. 
 
Keywords: Sugar-rich foods, Stickiness, Sodium caseinate, Pea protein isolate, LMS, 
Spray-drying 
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1. Introduction 
Spray-drying is a well-established and widely used method for transforming a 
wide range of liquid food products into powder form. The process involves spraying 
finely atomized solutions into a chamber where hot and dry air rapidly evaporates the 
solution leaving the spray-dried particles. Spray-dried powders can be stored at ambient 
temperature for prolonged periods without compromising the powder stability. They are 
also cheaper to transport and easier to handle in manufacturing plants. Spray-dried 
powders are economical to produce compared to other processes such as freeze-drying 
(Knorr, 1998). Spray-drying has many applications, particularly in the food, 
pharmaceutical and agrochemical industries (Adhikari, Howes, Shrestha, & Bhandari, 
2007; Maa & Hsu, 1997; Maa, Nguyen, & Hsu, 1998; Vega, Goff, & Roos, 2005).  
 
There are many food products that have very high sugar and organic acid contents 
and there is a growing interest to convert them into more useable and stable forms such as 
powders (Bhandari, Datta, & Howes, 1997). Conversion of high value food materials 
such as fruit and vegetable extracts and honey into particulate form is not easy due to the 
presence of a high proportion of low molecular weight sugars in their composition 
(Adhikari et al., 2007). This is because these constituents have a low glass temperature 
(Tg) which is the main reason for stickiness (Vega et al., 2005).  
 
The stickiness problem causes considerable economic loss and limits the 
application of drying techniques, such as spray-drying, for food and as well as 
pharmaceutical materials (Boonyai, Bhandari, & Howes, 2004; Maa & Hsu, 1997;                     
Maa et al., 1998). To minimize the stickiness problem, process and material                         
science-based approaches are in place. Process-based approaches include the mechanical 
scraping of the chamber wall, introduction of cold air at the bottom, and, the use of low 
temperature low humidity air. Changing the glass transition temperature of feed solution 
by the introduction of drying-aids is an example of the material science-based approach 
(Downton, Flores-Luna, & King, 1982). Process-based modifications are not easy and can 
be economically non-viable. For example, stickiness could be avoided by keeping the 
outlet temperature of air below 50 
o
C or even at ambient temperature; however the 
production becomes economically non-viable. The material science-based approach also 
has its own limitations. Large amounts of drying additives such as maltodextrins (>35%) 
are required to convert fruit juices such as blackcurrant, apricot and raspberry into powder 
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form (Gabas, Telis, Sobral, & Telis-Romero, 2007; Righetto & Netto, 2005;                            
Tonon et al., 2009). Addition of such large amounts of these carriers alters the resultant 
powder quality and risks consumer disapproval. 
 
An alternative and novel way to minimize the stickiness problem is to modify the 
surface properties of the droplets/particles with small amounts of proteins (Adhikari, 
Howes, Bhandari, & Langrish, 2009a). It was found that the preferential migration of 
proteins combined with their film-forming property upon drying, is responsible for 
overcoming the stickiness of sugar–protein solutions (Adhikari, Howes, Bhandari, & 
Langrish, 2009a). Proteins from legume seeds have been widely studied with regard to 
functional and bioactive properties and are considered important for novel food 
development and for human health (Pereira et al., 2009). The relationship between             
physico-chemical characteristics and interfacial behaviour on oligomeric plant proteins 
(pea legumin) was investigated by Subirade, Gueguen, & Schwenke (1992). They found 
that the molecular properties of oligomeric seed proteins, particularly size, net charge and 
conformational characteristics are important in controlling the surface activity. Although 
there are a few studies reported on surface modification of sugar-rich foods with dairy 
proteins such as whey protein and sodium caseinate (Adhikari, Howes, Bhandari, & 
Langrish, 2009a), there is no comparative research on the efficacy of plant proteins in the 
modification of surface properties of droplets/particles of sugar-rich foods.  
 
It is known that both protein and LMS compete for the air–water interface of a 
droplet (Mackie, Gunning, Wilde, & Morris, 2000; Pugnaloni, Dickinson, Ettelaie, 
Mackie, & Wilde, 2004; Rouimi, Schorsch, Valentini, & Vaslin, 2005; van Aken, 2003). 
Since LMS are smaller in size compared to proteins, the LMS are kinetically advantaged 
to occupy the surface of a droplet (van Aken, 2003). The effect of two low molecular 
weight surfactants (LMS), namely sodium dodecyl sulphate and Polysorbate 80 along 
with proteins (whey protein and sodium caseinate) on spray-drying of sugar-rich foods 
was studied (Adhikari, Howes, Wood, & Bhandari, 2009b). However, no studies have 
been reported on plant proteins such as PPI along with LMS in the surface modification 
of sugar-rich foods. Therefore, this study was aimed to investigate the effect of protein 
types (NaCas and PPI) and low molecular weight surfactants (LMS) on spray-drying of                     
sugar-rich foods.  
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2. Materials and methods 
2.1. Materials 
Sucrose with 99.5% purity (Sigma–Aldrich, Australia) was used as a model    
sugar-rich food. A dairy protein (NaCas) with a protein content of 92.9% (MG 2972, MG 
Nutritionals, Australia) and a plant protein (PPI) with a protein content of 90% (MyoPure, 
Australia) were used as received. Two food grade surfactants, sodium stearoyl lactylate 
(SSL) and Polysorbate 80 (Tween-80) were used as model surfactants. The former 
(Grindsted® SSL P 60 Veg) was purchased from Danisco, Denmark, while the latter was 
purchased from Sigma–Aldrich, Australia. SSL is an ionic surfactant which has a lower 
molecular weight (451.6 g/mol) and a comparatively higher hydrophile-lipophile balance 
(HLB) value of 22 while Tween-80 is a non-ionic surfactant with comparatively larger 
molecular weight (1310 g/mol) and a lower HLB (15) value. Both the surfactants are 
suitable for oil-in-water emulsions (McClements, 2005). 
 
2.2. Methods 
2.2.1. Solution preparation 
The sugar–protein solutions were prepared by heating the solution to 45±5 oC and 
gently agitating it with a magnetic stirrer. The sucrose:NaCas solid ratio was maintained 
at 99.5:0.5, while it was 99:1 in the case of sucrose:PPI solution on a dry solid basis. 
Since our preliminary experiments showed that no powder was recovered from 
sucrose:PPI (99.5:0.5) solution, the ratio of 99:1 was chosen. The total solid content was 
fixed at 25% w/w. The initial bulk protein concentration in sucrose–NaCas was 0.13% 
while it was 0.26% in the case of sucrose–PPI solution. Both pre-weighed sucrose and 
protein were dry mixed thoroughly before addition of water. Three hundred gram solution 
batches were prepared. The inherent moisture content of crystalline sucrose was taken as 
zero while it was determined and compensated for both NaCas and PPI. Solutions of                                 
sucrose–protein–SSL and sucrose–protein–Tween-80 were prepared by adding 0.01% and 
0.05% of each surfactant to the sucrose-protein solutions. The solutions were heated to        
45±5 
o
C to ensure that all solids were completely dissolved. The solutions so prepared 
were tested for dynamic surface tension and subsequently spray-dried.  
 
2.2.2. Powder production 
Spray-drying of solutions was carried out in a bench-top spray-dryer                  
(Buchi B-290, Buchi, Switzerland) with a water evaporating capacity of 1 L/h. The inlet 
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and outlet temperatures were maintained at 165 
o
C and 65 
o
C, respectively. The air flow 
rate was maintained at 36 m
3
/h while the aspiration was 100%. The powders were 
collected from the cyclone and the cylindrical part of the dryer chamber by lightly 
sweeping the chamber wall as proposed by Bhandari et al., (1997). The yield was 
calculated as the ratio of the mass of solids collected to the mass in feed solution on a dry 
basis.  
 
2.2.3. Moisture 
The moisture content was determined by drying the powder samples in a vacuum 
oven (Thermoline Scientific, Australia) at 70 
o
C for 24 h (Adhikari, Howes, Wood, & 
Bhandari, 2009b). Samples were allowed to cool to room temperature in desiccators 
containing silica gel.  
 
2.2.4. Water activity 
Water activity of powder samples was determined using a pre-calibrated water 
activity meter (Novasina, Switzerland). The temperature was maintained at 24.5±0.5 
o
C.  
 
2.2.5. Glass transition temperature (Tg) 
The glass transition temperature of all powders was measured using a                             
thermo-mechanical compression test (TMCT). A differential scanning calorimeter (DSC) 
was used in representative samples to compare the results obtained through the TMCT 
method.  
 
TMCT measures the changes in particle bed compressibility at a constant stress 
(30.6 kPa) due to softening of the powder particles, which can be linked to the glass 
transition temperature of bulk powders. Differential scanning calorimetry (DSC) is 
usually used for the determination of Tg of food powders (Kalichevsky & Blanshard, 
1993; Sandoval, Alejandro, Müller, Valle, & Lourdin, 2009). However, determination of 
Tg of sugar–protein systems by DSC is difficult due to the fact that change in the specific 
heat capacity is small and the signal is usually masked in the thermogram (Jayasundera, 
Adhikari, Adhikari, & Aldred, 2010). It is also reported that since sugar–protein is an 
incompatible system, the Tg of the system measured by DSC is usually dominated by the 
Tg of the sugar (Kalichevsky & Blanshard, 1993). It is proven that the Tg data obtained by 
TMCT corresponds to the end-point Tg values measured by DSC. The details regarding 
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the structure function and the measurement protocols are provided elsewhere                      
(Boonyai et al., 2004; Shrestha, Ua-arak, Adhikari, Howes, & Bhandari, 2007).  
 
Differential scanning calorimetry (DSC) analysis was carried out over the 
temperature range of -20 
o
C to 180 
o
C using a Mettler DSC-028 (Mettler Toledo, USA). 
The experiments were carried out at a heating rate of 10 
o
C/min under nitrogen. Sample 
weights ranged between 10 and 15 mg and were conditioned at room temperature prior to 
analysis (Roos & Karel, 1991). 
 
2.2.6. Particle size/particle size distribution 
The particle size and size distribution were measured using a Malvern Laser 
Diffraction Particle Size Analyser (Mastersizer 2000). The volume mean diameter was 
selected to express the particle size as it is one of the most commonly reported particle 
sizes in spray-dried powders (Adhikari, Howes, Bhandari, & Langrish, 2009a). Particle 
size range is expressed as the 50% volume-based size. Sunflower oil was used as a 
dispersing medium for all the powders. The refractive index of the oil was between 1.461 
and 1.468 (O‘Brien, 2009). The powder samples in oil were subjected to sonication for 
better dispersion of the powders.  
 
2.2.7. X-ray diffraction (XRD) 
XRD studies were carried out on a Siemens (D501) Diffractometer with CoKα1 
radiation. An anti-scatter slit of 0.15 mm and 1
o
 divergence and receiving slits were used. 
Diffractograms were taken between 8 and 52.15 
o
 (2θ) at a rate of 1.20 o/min (2θ) and 
with a step size of 0.05
o
 (2θ). Diffractograms of sucrose–NaCas, sucrose–PPI,                            
sucrose–NaCas–surfactant and sucrose–PPI–surfactant powders were obtained. 
 
2.2.8. Electron spectroscopy for chemical analysis (ESCA) 
Surface elemental composition of spray-dried powders was estimated by electron 
spectroscopy for chemical analysis (ESCA) (Fäldt, Bergenståhl, & Carlsson, 1993). 
Firstly, ESCA measurements for sucrose, NaCas, PPI, SSL and Tween-80 were carried 
out to determine the surface composition of these materials. It is assumed that surface 
elemental composition of pure materials is the same as its bulk elemental composition. 
Secondly, the surface elemental composition of all spray-dried powders was determined. 
The samples were degassed for 72 h before subjecting them to ESCA. The ESCA analysis 
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was performed using an AXIS-HSi spectrometer (Kratos Analytical) with a 
monochromatic Al Kα source at a power of 144W (12 kV and 12 mA), and a standard 
aperture of 1mm x 0.5 mm. The total pressure in the main vacuum chamber during 
analysis was of the order of 10
-8
 mbar. Spectra were recorded at an emission angle of 0 
o
 
with respect to the surface normal with corresponding depths of penetration on the order 
of 5–10 nm (depending on the kinetic energy of the respective photoelectrons). A survey 
spectrum was performed to identify all elements present (acquired at a pass energy of               
320 eV), before a high resolution C1s scan at 40 eV pass energy was undertaken to obtain 
more detailed information about the chemical structure. The atomic concentrations of the 
detected elements were calculated using integral peak intensities and the sensitivity 
factors supplied by the manufacturer. Peak assignments are based on the measured 
binding energy values (charge-corrected with respect to the main (aliphatic hydrocarbon) 
peak at 285.0 eV). The data from the C1s high resolution spectra were quantified using a 
minimization algorithm to determine the contributions from specific functional groups 
(spectral curve fitting). Five peak components (mixed Gaussian/Lorentzian model 
functions) were used. Component C1 at the lowest binding energy (BE) was assumed to 
represent aliphatic hydrocarbons (―neutral‖ carbon) and the corresponding BE was set 
accordingly to 285.0 eV. A second component at a slightly higher BE was included to 
account for all C1s photoelectrons that underwent a secondary BE shift. Component C3 at 
286.3–286.6 eV represents C–N and C–O based groups (e.g., amines, ethers, and 
alcohols), C4 at 287.9–288.2 eV accounts for all C=O, C–O and N–C=O based groups 
(e.g., carbonyls, amides), and C5 at 288.9–289.3 eV represents O–C=O based groups 
(e.g., acids or esters). A detailed description of ESCA as a method to measure the surface 
composition of dairy based food powders can be obtained from various sources (Adhikari, 
Howes, Wood, & Bhandari, 2009b; Fäldt et al., 1993). As nitrogen is not present in 
sucrose and surfactants, the surface protein coverage can be calculated from a simple 
nitrogen balance.  
 
2.2.9. Scanning electron microscopy (SEM) 
All spray-dried powders were observed under a scanning electron microscope 
(JSM 6300 SEM). Samples were directly deposited on carbon conductive tape on 
aluminium SEM stubs and were coated with a thin gold layer, using gold sputtering. 
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 2.2.10. Dynamic surface tension (DST) 
DST measurements of individual sugar, protein and surfactant solutions and the 
solutions of sucrose–protein and sucrose–protein–surfactant were obtained using the 
Sinterface PAT-1 tensiometer (Sinterface Technologies, Germany). Surface tension 
indicates the tendency of molecules to move preferentially to the air–droplet interface and 
it can be either dynamic or equilibrium. The equilibrium state indicates that the interface 
is saturated and no more change would take place over time while the dynamic surface 
tension indicates how fast or slow the surface active molecules move to the interface. The 
pendant drop method (droplet-in-air) with appropriate precaution for evaporation and the 
captive bubble (bubble-in-solution) method are commonly used for studying the dynamic 
adsorption process (Miller, Sedev, Schano, Ng, & Neumann, 1993). In this study, the 
captive bubble method was used where possible and pendant drop method was used 
where the former was not stable for the solutions, especially with surfactants. A small 
amount of test solution was kept at the bottom of the cuvette while using the pendant drop 
method in order to minimize the effect due to evaporation.  
 
The instrument was calibrated with MilliQ water and absolute ethanol ensuring 
that the surface tension of water and ethanol remained in the range of 72.5–73.0 mN/m 
and 22.0 mN/m, respectively. A droplet with a surface volume of 10 mm
3
 was generated 
at the tip of the needle for MilliQ water, ethanol and the test solutions. The temperature of 
the test chamber was kept constant at 20±0.5 
o
C by circulating thermostated water from 
an external bath. Surface tension values were recorded for 50 s. All experiments were 
carried out in triplicate for 3 sub-samples.  
 
 2.2.11. Solubility 
Solubilities of NaCas and PPI were determined by a modification method of 
Rangel, Domont, Pedrosa, & Ferreira, (2003). Protein was diluted in MilliQ water at a 
concentration of 0.5 mg/ml in a final volume of 5 ml. Then pH of the solutions was 
carefully adjusted to 6.5, 7.4 and 8.0 by adding 0.1 N HCl or 0.1 N NaOH.  The pH of 
two samples was unadjusted and taken as natural pH. After 60 min of stirring (with a 
magnetic stirrer at room temperature), the pH of the solutions was again measured and 
samples were subjected to centrifugation (Rotofix 32A) at 4000 rpm at room temperature 
for 15 min. The protein concentration of the supernatants was determined according to 
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Lowry, Rosebrough, Farr, & Randall, (1951) method and expressed as a percentage of the 
initial protein concentration.  
 
2.2.12. Observation of surface stickiness 
Surface stickiness of sucrose–NaCas (99.5:0.5) and sucrose–PPI (99:1) solutions 
was observed using a custom-built in situ stickiness measuring instrument. This device 
works on the principle of tack, which mimics the feel when one touches a droplet surface. 
The working principle and the test protocols are given elsewhere (Adhikari, Howes, 
Bhandari, & Truong, 2003). The test procedure is briefly given below. The experiment 
was carried out at 65 
o
C as this is the outlet temperature in our spray-drying trials. The 
velocity and the relative humidity of the drying air were 0.5 m/s and 5.5%, respectively. 
The test time was varied between 1 and 2.5 h. The stainless steel probe was driven 
downwards until it made a good contact with the droplet (initial droplet volume 50 µl) 
surface. The contact and withdrawal speeds were maintained at 50 mm/min in all 
experiments. Once the contact was established, the probe was withdrawn. Digital images 
during approach, contact and withdrawal were recorded. 
 
3. Results & discussion 
3.1. DST and extent of protein and surfactant migration to the surface  
The DST values of sucrose–NaCas with and without Tween-80 and   sucrose–PPI 
with and without Tween-80 are presented in Fig. 1(a) and (b), respectively. DST of sugar, 
NaCas, PPI, Tween-80 and SSL are also provided for comparison. DST values of 25% 
sucrose solution (73.61±0.28 mN/m) did not change over time as expected since sucrose 
is not surface active (Figs. 1 and 2).  
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Figure 1: (a) Dynamic surface tension (mN/m) for solution of sucrose–NaCas in the absence and presence of Tween-80 
and (b) Dynamic surface tension (mN/m) for solution of sucrose–PPI in the absence and presence of Tween-80 
(a) 
 (b) 
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Figure 2: (a) Dynamic surface tension (mN/m) for solution of sucrose–NaCas in the absence and presence of SSL and 
(b) Dynamic surface tension (mN/m) for solution of sucrose–PPI in the absence and presence of SSL 
 
The DST values of 0.13% NaCas and 0.26% PPI ranged from 54.23±1.13 mN/m 
to 51.98±0.46 mN/m and from 57.67±4.24 mN/m to 54.01±0.44 mN/m, respectively 
(a) 
 (b) 
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during 50 s (Figs. 1 and 2). When 0.13% NaCas was added to sucrose solution the DST 
value reduced to 52.73±0.31 mN/m at 50 s. This DST value is similar to that of 0.13% 
NaCas confirming that at this protein concentration, NaCas manages to migrate to the        
air–water interface almost instantly. This observation indicates that the protein 
preferentially migrates to the air–water interface reasonably fast. When 0.26% PPI was 
added to sucrose solution the dynamic surface tension value reduced to 52.14±0.78 mN/m 
at 50 s which was comparable to that of sucrose–NaCas. Although comparable DST 
values were obtained for sucrose–NaCas and sucrose–PPI, it is worth noting that the 
amount of PPI added was twice that of NaCas. The reason for a higher amount of PPI 
required to achieve the same extent of migration to air–water interface can be attributed to 
the structural and compositional differences between these two proteins such as solubility 
(Fig. 4). The low solubility of the PPI means that as the drying progresses less active 
protein will be available to migrate to the droplet–air interface which can lower its 
efficacy compared to NaCas whose solubility within the pH range is considerably high 
(Fig. 4). Furthermore, NaCas has a disordered structure with high flexibility while PPI is 
a globular protein with less flexibility (Subirade et al., 1992). Addition of 0.01%               
Tween-80 into both sucrose–NaCas and sucrose–PPI solutions further reduced the surface 
tension values indicating that a certain fraction of protein molecules was displaced from 
the surface. We will discuss this aspect later in the text using surface elemental analysis 
of the resultant powders. It was interesting to note that when the Tween-80 concentration 
was increased from 0.01% to 0.05% in the sucrose–NaCas solution, the DST values 
decreased to their minimum almost immediately (0.8 s) (Fig. 1(a)). This outcome suggests 
that Tween-80 had displaced almost all the proteins from the surface, which is indicated 
by surface elemental analysis results (Section 3.4.). In the case of sucrose–PPI–Tween-80 
(0.05%) solution, it took a much longer time (about 40 s) for the DST values to reach the 
minimum indicating that the conformational rearrangements for surface coverage and 
loop and tail formation are easier when protein molecules are flexible like in the case of 
NaCas (Le Meste et al., 1990). Addition of 0.01% SSL into sucrose–NaCas solution 
reduced the DST values from 44.01±3.34 mN/m to 43.36±0.85 mN/m (Fig. 2(a)) whereas 
the values were found to be in the range of 40.44±0.69 mN/m and 40.37±0.79 mN/m in 
sucrose–NaCas with 0.05% SSL. It is worth noting that immediately after the start of the 
experiment the DST values reached their minimum irrespective of the SSL concentration 
(0.01% or 0.05%) in sucrose–NaCas solutions. The DST values were reduced from 
49.02±1.38 mN/m to 47.71±0.41 mN/m and from 49.51±2.74 mN/m to 40.10±0.26 mN/m 
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with the addition of 0.01% SSL and 0.05% SSL, respectively into sucrose–PPI solution 
(Fig. 2(b)). It is interesting to note that the DST values of solutions with Tween-80 were 
higher than those with SSL in the case of sucrose–NaCas solution. This suggests that if 
the lowered DST values are to directly correlate to the surface occupation by LMS or the 
displacement of the proteins from the droplet surface, the SSL should have occupied more 
surface and thereby displacing more protein from the surface compared to that of              
Tween-80. However, it is not the case when powder recoveries are considered. This 
suggests that the surface activity alone cannot explain the powder recovery. It was 
suggested that it is the kinetics of surfactant–protein–surface interactions and the 
mechanism with which the surfactants displace the proteins from the air–water interface 
that are responsible for the different powder recoveries (Adhikari, Howes, Wood, & 
Bhandari, 2009b; Gunning et al., 2004). 
 
 
3.2. Powder recovery 
The recovery of sucrose–NaCas and sucrose–PPI powders with or without LMS 
was determined (Fig. 3(a) and (b)).  
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Figure 3: (a) Recovery of sucrose–NaCas powders in the absence and presence of LMS in spray-drying trials and (b) 
Recovery of sucrose–PPI powders in the absence and presence of LMS in spray-drying trials  
 
A zero powder recovery indicates that all the sucrose solids in the feed were lost 
as wall deposits. When the dryer was cooled down, the deposited sucrose crystallised and 
part of it could be recovered as wall deposits but not as amorphous powder. This result 
agrees with the previous studies of spraying of sucrose under similar conditions (Truong, 
Bhandari, & Howes, 2005b). When 0.5% of NaCas was added to the sucrose solution the 
total recovery rose to 82.0±1.4% while the cyclone recovery rose to 59.0±1.7% (Fig. 
3(a)). A total powder recovery of 50% is taken to be the benchmark for a successful 
spray-drying (Bhandari et al., 1997). The greatly enhanced powder recovery indicates that 
proteins preferentially migrate to the air-water interface of sugar solutions and form a 
protein-rich film. This film is converted into a glassy skin when it is subjected to hot and 
dry air. The resultant skin is capable of overcoming the coalescence of droplets as well as 
sticky interactions of the particles at the drying chamber of the spray-dryer (Adhikari et 
al., 2007).  
 
However, when 1% sucrose was replaced by PPI (Fig. 3(b)) the total recovery rose 
only to 47.7±1.3%, which is below the benchmark value reported for successful                     
(b) 
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spray-drying trials. This result indicates that the PPI is not as effective as NaCas as a 
smart drying aid due to its low solubility (Fig. 4). This protein can still be much more 
effective than maltodextrin as a drying aid as 40–60% of the latter is required to achieve a 
similar level of powder recovery of sucrose solutions (Truong, Bhandari, & Howes, 
2005a). 
 
 
Figure 4: pH dependence of the solubilities of NaCas and PPI 
 
 It can also be seen from Fig. 3(a) that addition of 0.01% Tween-80 into                  
sucrose–NaCas solution has led to a sharp reduction in total powder recovery. Addition of 
0.01% Tween-80 into sucrose–PPI solution reduced the total powder recovery to almost 
half (24.9±0.4%) compared to that of sucrose–PPI solution. When the concentration of 
the Tween-80 was increased from 0.01% to 0.05%, no powder was recovered in the case 
of sucrose–NaCas solutions. The total recovery was more or less the same for                           
sucrose–PPI–Tween-80 (0.01%) and sucrose–PPI–Tween-80 (0.05%) powders. Even the 
little amount of powder produced with Tween-80 was not amorphous (Fig. 5(a) and (b)).  
 
 
 
 
 
 78 
0
5000
10000
15000
20000
25000
8 13 18 23 28 33 38 43 48
Degrees 2 Theta
C
o
u
n
ts
Sucrose
Sucrose:NaCas(99.5:0.5)
Sucrose:NaCas(99.5:0.5)+0.01 % SSL
Sucrose:NaCas(99.5:0.5)+0.05 % SSL
Sucrose:NaCas(99.5:0.5)+0.01 % Tween-80
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: (a) X-ray diffraction patterns of sucrose–NaCas powders in the absence and presence of LMS and (b) X-ray 
diffraction patterns of sucrose–PPI powders in the absence and presence of LMS 
 
In the case of SSL, the total recovery was 75.5±1.8% for sucrose–NaCas powders 
with 0.01% SSL and it dropped to 30.1±1.4% for powders with 0.05% SSL. The reason 
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for the drop in total powder recovery is due to the fact that when the SSL concentration is 
increased, more of SSL occupies the surface thereby pushing the proteins to the bulk. The 
total recoveries of powders of sucrose–PPI with 0.01% SSL and 0.05% SSL were                   
33.3±1.0% and 26.4±1.4%, respectively. All these results demonstrate that the powder 
recovery depends on the type of protein, the type of surfactant as well as on the surfactant 
concentration. X-ray diffraction patterns confirmed that the powders with 0.01% SSL 
were amorphous while they were crystalline when they were with 0.05% SSL (Fig. 5(a) 
and (b)). The reason for this change in phase (amorphous to crystalline) can be attributed 
to the coalescence of multiple droplets into agglomerated powder particles. Although 
these agglomerated powder particles are not totally fused, however, due to their large size 
the evaporation slows down considerably. This slow evaporation allows the sucrose 
molecules to crystallize. These arguments are supported from the existence of multiple 
discrete crystals (more than 10) in the agglomerates (Fig. 6 (b) and (d)) and exceptionally 
large particle size (up to 14 times, Table 1) in powders containing 0.05% SSL compared 
to the powders containing 0.01% SSL. Total recovery of sucrose–NaCas–SSL (0.01%) 
powder is similar to that of sucrose–NaCas powder indicating that the addition of 0.01% 
SSL has not affected the protein surface composition and hence the powder recovery. The 
recovery of sucrose–PPI–SSL (0.01%) powder is less than that of sucrose–PPI powder. 
However, the addition of 0.01% SSL has not affected the protein surface composition as 
will be shown in Section 3.4.  
 
3.3. Crystalline/amorphous nature of spray-dried powders 
The moisture content, aw and particle size of powders are summarised in Table 1.  
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Table 1: Physical parameters of sucrose–protein powders with and without LMS 
 
Sample Parameters 
aw(24.50.5 
oC) Moisture (%) wb Particle Size d [v, 0.5] (µm) 
Sucrose: NaCas(99.5 :0.5) 0.24± 0.01 3.19± 0.1 23.60±0.25 
Sucrose: NaCas(99.5 :0.5)+0.01% Tween- 80 0.83± 0.01 1.33± 0.0 69.03±1.20 
Sucrose: NaCas(99.5 :0.5)+0.01% SSL 0.28± 0.01 3.19± 0.0 28.43±0.01 
Sucrose: NaCas(99.5 :0.5)+0.05% SSL 0.83±0.02 3.83± 0.1 51.05±0.73 
Sucrose: PPI(99:1) 0.170.01 2.610.02 17.160.23 
Sucrose: PPI(99:1)+0.01% Tween- 80 0.840.00 3.720.05 550.0746.69 
Sucrose: PPI(99:1)+0.05% Tween- 80 0.730.00 0.360.03 47.001.03 
Sucrose: PPI(99:1)+0.01% SSL 0.230.00 3.540.02 41.480.34 
Sucrose: PPI(99:1)+0.05% SSL 0.830.00 3.520.02 609.88.80 
Sucrose(commercial) 0.380.01 0.00.0 885.6515.83 
NaCas(commercial) 0.32±0.01 5.0±0.0 86.66±3.52 
PPI(commercial) 0.320.00 3.950.04 30.14±0.49 
SSL(commercial) 0.360.01 3.70.2 214.487.69 
8
0
 
 
 81 
It can be seen from this table that the highest moisture content and aw of                   
spray-dried powder are 3.83±0.1% and 0.84±0.00, respectively. The high value in aw 
indicates the presence of a high proportion of free water and that the powder is 
crystallised. The aw values of sucrose–NaCas, sucrose–NaCas–SSL (0.01%), sucrose–PPI 
and sucrose–PPI–SSL (0.01%) are 0.24±0.01, 0.28±0.01, 0.17±0.01 and 0.23±0.00, 
respectively. These values are within the range of aw values (~0.2) of industrially                       
spray-dried powders (Adhikari, Howes, Bhandari, & Langrish, 2009a). One of the 
characteristics of spray-dried products is the low moisture content which is less than 5% 
(Masters, 1991). The moisture content of all the powder samples is well within the range. 
 
It can be seen from X-ray diffractograms in Fig. 5(a) and (b) that the powders of 
sucrose–NaCas–Tween-80(0.01%), sucrose–NaCas–SSL(0.05%), sucrose–PPI–Tween-80 
(0.01%), sucrose–PPI–Tween-80 (0.05%) and sucrose–PPI–SSL (0.05%) were crystalline 
while sucrose–NaCas, sucrose–NaCas–SSL (0.01%) and sucrose–PPI–SSL (0.01%) were 
amorphous. The scanning electron micrographs showed that the sucrose–NaCas 
(99.5:0.5) and sucrose–PPI (99:1) particles are mostly spherical (Fig. 6(a) and (c)) 
whereas the sucrose–NaCas–SSL (0.05%) and sucrose–PPI–SSL (0.05%) particles are 
hexagonal (Fig. 6(b) and (d)). The morphology of these particles apparently gives a good 
indication of the amorphous and crystalline nature of the powders, spherical particles 
being amorphous in nature and hexagonal being crystalline (Ando, Ito, Ozeki, Nakayama, 
& Nabeshima, 2007; Mantovani, 1991). 
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Figure 6: Scanning electron micrographs of powders of (a) sucrose–NaCas (99.5:0.5), (b) sucrose–NaCas 
(99.5:0.5)+0.05% SSL, (c)sucrose–PPI (99:1) and (d)sucrose–PPI (99:1)+0.05% SSL 
 
The mean particle size of sucrose-NaCas is 23.60±0.25 µm and it is                       
28.43±0.01 µm for sucrose–NaCas with 0.01% SSL. These results reveal that there is no 
major difference in mean particle size of both sucrose–NaCas and sucrose–NaCas with 
0.01% SSL. This leads to somewhat comparable powder yields of these two formulations. 
However, the mean particle size of sucrose–PPI is less than that of the sucrose–PPI–SSL 
(0.01%) indicating that the greater powder recovery in the case of the former is not due to 
better collection of bigger particles. Sucrose–NaCas–Tween-80 (0.01%) and                        
sucrose–NaCas–SSL (0.05%) showed higher mean particle size compared to that of 
sucrose–NaCas and sucrose–NaCas–SSL (0.01%). The mean particle size of                     
sucrose–NaCas–Tween-80 (0.01%) was 69.03±1.20 µm whereas it was 51.05±0.73 µm in 
the case of sucrose–NaCas–SSL (0.05%). Addition of just 0.01% Tween-80 into                
sucrose–PPI solution has increased the mean particle size of sucrose–PPI–Tween-80 
(0.01%) powder to seven times more than that of the sucrose–NaCas–Tween-80 (0.01%). 
This increment in particle size may be due to two reasons. Firstly, two or more sticky 
droplets might have coalesced immediately after atomisation and resulted in a larger 
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particle upon subsequent drying. Secondly, this can also be due to agglomeration of 
crystalline particles. Although we have sonicated the powder samples during particle size 
measurement, it may not be fully possible to break all the agglomerates. With the addition 
of 0.05% Tween-80 the particle size reduced to 47.00±1.03 µm. However, as its aw was 
high, it was crystalline. The mean particle size of sucrose–PPI–SSL (0.05%) powder was 
higher than that of sucrose–PPI–SSL (0.01%) indicating that the former was 
agglomerated. Excessively high mean particle size indicates that the powders are 
agglomerated. 
 
3.4. The protein surface coverage and its implication on powder recovery 
The elemental compositions of carbon, oxygen and nitrogen at the surface of the 
sucrose–NaCas and sucrose–PPI powders with or without LMS are presented in Table 2. 
The elemental compositions of sucrose, NaCas, PPI and SSL are given as a reference. It 
can be seen that the error in measurements in pure samples is within 5% of the theoretical 
value in most of the cases (Table 2).  
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Table 2: Surface composition of reference samples and spray-dried powders of sucrose–protein with or without Tween-80 and SSL 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    Ex – Experimental          Th –Theoretical 
 
Sample Carbon (%) Oxygen (%) Nitrogen (%) Protein on surface (%) 
Ex 
(%) 
Th 
(%) 
Error 
(%) 
Ex 
(%) 
Th 
(%) 
Error 
(%) 
Ex 
(%) 
Th 
(%) 
Error 
(%) 
Sucrose 53.66±2.37 
 
52.17 1.49 46.34±2.37 47.83 1.49 0.00±0.00 0.00 0.00 - 
NaCas 72.57±0.42 
 
65.00 7.57 13.77±0.32 19.00 5.23 12.99±0.56 16.00 3.01 - 
PPI 
 
77.0±0.012 -  13.9±0.00 -  8.2±0.002 -  - 
SSL 
 
89.77±0.061 77.42 12.35 14.99±0.002 19.35 4.36 0.00±0.00 0.00 0.00 - 
Tween-80 
 
- 71.11 - - 28.89 - - 0.00 - - 
Sucrose:NaCas(99.5: 0.5) 
 
64.01±0.02 - - 28.86±0.15 - - 6.77±0.18 - - 52.1±0.3 
Sucrose: NaCas (99.5:0.5)+ 0.01% Tween-80 
 
61.39±0.09  
- 
 
- 
36.96±0.01  
- 
 
- 
1.66±0.001  
- 
 
- 
12.8±0.0 
Sucrose: NaCas (99.5:0.5)+ 0.01% SSL 63.38±0.06  
- 
 
- 
29.92±0.03  
- 
 
- 
6.58±0.35  
- 
 
- 
50.1±0.6 
Sucrose: NaCas (99.5:0.5)+ 0.05% SSL 78.30±0.03 - - 18.30±0.04 - - 2.96±0.17 - - 22.8±0.3 
Sucrose: PPI(99:1) 
 
64.6±0.000 - - 28.0±0.002 - - 7.3±0.001 - - 89.0±0.003 
Sucrose: PPI(99:1)+0.01% Tween-80 67.7±0.000 - - 30.9±0.007 - - 1.4±0.009 - - 17.1±0.016 
Sucrose: PPI(99:1)+0.05% Tween-80 67.7±0.000 - - 31.1±0.017 -  1.2±0.010 - - 14.6±0.017 
Sucrose: PPI(99:1)+ 0.01% SSL 63.1±0.002 - - 30.2±0.018 - - 6.7±0.006 - - 81.7±0.026 
Sucrose: PPI(99:1) +0.05% SSL 67.2±0.001 - - 30.4±0.015 - - 2.0±0.003 - - 36.6±0.019 
8
4
 
 
 85 
In the absence of LMS, 52.0% of the surface of sucrose–NaCas particles is 
covered by the protein (sodium caseinate) although the feed solution contained only 
0.13% protein (Table 2). It is interesting to note that the initial bulk composition of 0.13% 
NaCas was able to cover 52.0% (on mass basis) of the surface of sucrose–NaCas 
particles. This resulted in 82.0% powder recovery (Fig. 3(a)). This level of surface 
coverage is attributed to preferential migration and rapid kinetics of proteins to the                     
air-water interface. It is worth mentioning here that no sucrose powder was recovered in 
the absence of the sodium caseinate or PPI. 
 
Although 0.26% PPI was able to cover 89.0% of the surface of sucrose–PPI 
particles, it could not produce a powder recovery comparable to that of sucrose–NaCas. 
The low powder recovery of sucrose–PPI may be due to the poor skin-forming property 
of PPI (Fig. 7(b)). To further explore the difference in skin-forming nature of NaCas and 
PPI, we conducted surface tackiness tests under identical test conditions (65 
o
C 
temperature, 5.5% RH, 0.5 m/s air velocity and 50 mm/min probe withdrawal speed) 
using solutions of sucrose–NaCas (99.5:0.5) and sucrose–PPI (99:1). The mode of failure 
at probe–sucrose: NaCas (99.5:0.5) droplet interface at non sticky state and the mode of 
failure at probe–sucrose: PPI (99:1) droplet interface at sticky state at 2 h are presented in 
Fig. 7(a) and (b), respectively. It can be seen that no material–probe bonding has taken 
place at probe–sucrose: NaCas interface due to skin formation (Fig. 7(a)). However, in 
the case of sucrose–PPI due to non-skin formation, the breakage has taken place within 
the drop (sucrose–PPI) itself and upon separation the probe surface has remained fully 
covered with the residual material (Fig. 7(b)). Further, it has been reported that the film 
formation at the interface depends on the tertiary structure of the protein (Le Meste et al., 
1990). NaCas has a disordered structure with high flexibility while PPI is a globular 
protein with less flexibility (Subirade et al., 1992).  
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Figure 7: (a) Mode of failure at probe–sucrose:NaCas (99.5:0.5) droplet interface at non sticky state (65 oC,  0.5 m/s 
air velocity, 5.5% relative humidity and 50 mm/min probe speed) and (b) Mode of failure at probe–sucrose:PPI (99:1) 
droplet interface at sticky state (65 oC,  0.5 m/s air velocity, 5.5% relative humidity and 50 mm/min probe speed)  
 
The powder recoveries of both sucrose–NaCas and sucrose–NaCas with 0.01% 
SSL are comparable to each other (Fig. 3(a)) indicating that addition of 0.01% SSL has 
not affected the surface coverage by proteins very much. In the case of PPI, the addition 
of 0.01% SSL reduced the surface protein coverage from 89.0% to 81.7% indicating that 
7.3% of protein was displaced from the surface with the addition of 0.01% SSL (Table 2). 
This amount of protein displacement reduced the powder recovery of sucrose–PPI–SSL 
(0.01%) by 14.3%. It was observed that with the addition of 0.05% SSL into                       
sucrose–NaCas, the recovery dropped to 30% since the surface protein coverage has 
reduced to less than half (22.8±0.3%) compared to that of sucrose–NaCas powder. This 
result indicates that the addition of 0.05% SSL has displaced 29.3% of proteins from the 
surface. On the other hand when 0.05% SSL was added to sucrose–PPI droplets, the SSL 
displaced 52.4% of protein from the surface. These results show that the displacement of 
proteins from the surface was greater in powders of sucrose–PPI–SSL (0.05%) compared 
to that of sucrose–NaCas–SSL (0.05%) (Fig. 3(a) and (b)).  
 
When 0.01% Tween-80 was added to sucrose–NaCas droplet, the protein surface 
coverage reduced from 52.0% to 12.8%. This indicates that 0.01% Tween-80 was able to 
replace 39.3% of total protein on the droplet surface. At this level of displacement of 
protein from the surface, the powder recovery dropped from 82.0% to 33.8%, which is 
below the benchmark for a successful spray-drying operation (Bhandari et al., 1997). 
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With the addition of 0.05% Tween-80, no powder was recovered indicating that the 
protein was displaced/dislodged from the surface to the extent that it was not possible for 
the residual surface coverage of the protein to overcome the stickiness. In this case since 
it was unable to recover any powder, the determination of the residual surface coverage of 
the protein was not possible. It was observed that when 0.01% and 0.05% Tween-80 were 
added to sucrose–PPI droplets the surface protein coverage dropped to 17.1% and 14.6%, 
respectively, indicative of very little powder recoveries in both the cases.  
 
3.5. Surface glass transition temperature and powder recovery  
The Tg of multi-component mixtures was calculated using a mass weighted mean 
rule (Adhikari, Howes, Bhandari, Langrish, 2009a). The multi-component mixture is 
assumed to be composed of n individual binary solid–water mixtures, where n is the 
number of solid components. The moisture dependence of Tg for each binary solid–water 
mixture is determined using the well known Gordon–Taylor Equation (1) (Gordon & 
Taylor, 1952). 
ws,ws
wg,ws,wsg,s
water-solidg,
KXX
TKXTX
T


 --------------(1) 
 
Tg,solid–water is the glass transition temperature of a solid–water binary mixture, Xs and Xw, 
respectively, are the mass fractions of solid and water in solution, Tg,s is the Tg of 
anhydrous solid, Tg,w is the Tg of pure water, and Ks,w is a dimensionless proportionality 
constant that provides the moisture dependence of Tg. The Tg of the multi-component 
mixture is calculated as a mass weighted mean on a water free basis (Eqs. 2 and 3) 
assuming that the solids are uniformly mixed in the system: 
 
i
n
1i
w-ig,mixtureg, XTT 

 ------------------------------(2) 
 
1X
n
1i
i 

-------------------------------------------(3) 
 
 
Tg,mixture is the Tg of the multi-component mixture including water, Tg,i-w represents the Tg 
of binary solid– water mixtures such as sucrose–water, NaCas–water, SSL–water, etc., 
and Xi is the mass fraction of an individual solid component on a water free solid basis. 
For each binary solid–water mixture, the effect of water has been incorporated through 
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the Tg relationship. The experimental Tg values obtained through both the TMCT and 
DSC are presented in Table 3. As can be seen from this table both these methods give 
very close experimental Tg values. The predicted bulk (experimental) Tg and surface Tg of 
spray-dried powders at various moisture contents are presented in Table 3. The predicted 
Tg values agree with the experimental values within 14.6 
o
C in the case of sucrose–NaCas 
powders with or without surfactants. The difference between experimental bulk Tg and 
the predicted bulk Tg for sucrose–PPI (99:1) powder was 10.2 
o
C and was 6.4 
o
C in the 
case of sucrose–PPI–SSL (0.01%) powder. It can be seen from Table 3 that the predicted 
glass transition temperature values of the surface layer are about 30-40 
o
C higher than the 
corresponding glass transition temperature of bulk composition in the case of both         
sucrose–NaCas and sucrose–PPI powders. It is established that for the powder particles to 
be sticky the operational temperature has to exceed the glass transition temperature by            
20 
o
C (Roos & Karel, 1991). Therefore, the particles have remained within the safe drying 
region for sucrose–NaCas and sucrose–PPI powders. 
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Table 3: Experimental Tg-r along with predicted bulk Tg values and surface Tg values of spray-dried powders  
 
         
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
               Ex – Experimental        Pred – Predicted  
 
                 
 
 
 
 
 
Sample Moisture (%) wb Tg-r (Ex) (bulk)(
oC) Tg (pred) 
(bulk)(oC) 
Tg  (pred) 
(surface layer)(oC) 
Sucrose:NaCas (99.5: 0.5)  
 
           3.19 54.3  0.9 39.7 83.2 
Sucrose:NaCas (99.5: 0.5) +0.01% Tween-80 
   
           1.33 Crystalline - - 
Sucrose:NaCas (99.5: 0.5) +0.01% SSL  
 
           4.08 33.9  2.3 33.5 33.1 
Sucrose:NaCas (99.5:0.5)+0.05% SSL 
 
           3.83 
 
Crystalline - - 
Sucrose: PPI(99:1)  
 
2.610.02 54.21.5 44.0 78.9 
Sucrose: PPI(99:1) +0.01% Tween-80  
 
3.720.05 Crystalline - - 
Sucrose: PPI(99:1) +0.05% Tween-80  
 
0.360.03 Crystalline - - 
Sucrose: PPI(99:1) +0.01% SSL  3.540.02 43.71.1 37.3 68.3 
Sucrose:PPI(99:1) +0.05% SSL  
 
3.520.02 Crystalline - - 
 
8
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It is interesting to note that there was no difference between predicted bulk Tg and 
surface Tg for the sucrose–NaCas powders with SSL. It strongly supports the fact that the 
propensity of NaCas to preferentially occupy the surface is negated by the presence of 
LMS. It is proven that the kinetics of LMS such as SSL and Tween-80 to move to the 
surface is much greater than that of the protein due to the small size of the former. It can 
also be seen that both the SSL and Tween-80 saturate the surface layer instantly. It is also 
interesting to note that at the prevailing concentration level of protein in both                       
sucrose-NaCas and sucrose–PPI powders, the protein is unable to raise the bulk Tg of 
these powder samples. The experimental bulk Tg values of sucrose–NaCas–SSL (0.01%) 
and sucrose–PPI–SSL (0.01%) were 43.9±2.3 oC and 43.7±1.1 oC, respectively. Addition 
of 0.01% SSL into both sucrose–NaCas and sucrose–PPI solutions has reduced the bulk 
Tg of powders indicating that the low Tg of SSL is the reason for the reduction in bulk Tg 
of such powders. 
 
4. Conclusion 
More than 80% of amorphous sucrose powder was produced through spray-drying 
with the addition of just 0.13% of sodium caseinate (initial bulk concentration). This is an 
indication that NaCas can act as a very effective drying aid. However, even with a higher 
amount of initial PPI concentration (0.26%), the recovery was less than 50% which 
indicates that PPI is not as effective as NaCas as a drying aid. This can be attributed to its 
poor film-forming property. SSL at concentrations of 0.01% and 0.05% displaced 2.0% 
and 29.3% of proteins from the droplet surface of sucrose–NaCas–SSL, respectively. This 
led to a substantial reduction in total powder recovery from 75.5±1.8% to 30.1±1.4%. The 
displacement of protein from the surface was higher with the addition of SSL into                
sucrose–PPI solution. However, the recovery of powder was not much affected as the 
reduction in powder recovery was only 6.9% when the SSL concentration varied                      
0.01–0.05%. Tween-80 was capable of displacing a substantial amount or all the proteins 
(NaCas) from the droplet surface leading to no powder recovery at its 0.05% 
concentration. This surfactant displaced a substantial amount of proteins (NaCas) even 
when it was used at a trace amount (0.01%), yielding a very little powder recovery 
(33.8±1.4%). In the case of sucrose–PPI powders, the behaviour of Tween-80 was no 
different from that of SSL with regard to the powder recovery when the Tween-80 
concentration was increased from 0.01% to 0.05%. On the whole the powder recovery of 
sucrose was greatly influenced by the protein type, LMS type and their concentration 
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level. The protein displacement behaviour of surfactants is very useful in controlling the 
amount of proteins at the surface of a spray-dried powder. 
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CHAPTER 4 
 
THE EFFECT OF SUGARS ON SPRAY-DRYING OF SUGAR-RICH FOODS 
 
Natural sugar-rich foods such as honey and fruit juices contain fructose, glucose 
and sucrose as major sugars (Boonyai, 2005). Fructose is the major component 
comprising 39.6% and 5.69% of total soluble solids, respectively, in honey and apple 
juice (Boonyai, 2005; Eisele & Drake, 2005). The glass transition temperature of fructose 
is probably the lowest (16 
o
C) (Truong et al., 2004) among common sugars in natural 
sugar-rich foods. It is known to be the stickiest sugar among the major sugars and that it 
remains a sticky syrup even at a moderately low drying temperature (65 
o
C) (Adhikari et 
al., 2003). Therefore, it is of practical significance to study how well protein can act as a 
drying aid in converting the fructose to powder form through spray-drying. A comparison 
of the spray-drying behaviours of fructose and sucrose in the presence of protein as 
drying aids will enable further insights regarding the effectiveness of proteins as novel 
drying aids of sugar-rich foods. In this context, this study was aimed to study the effect of 
sugars, especially their glass transition temperature, on spray-drying of sugar-rich foods. 
 
 Statistical analysis was performed using ANOVA. The mean values and 
standard deviation were calculated from triplicate experimental data. Differences were 
compared by Tukey test for all experiments and considered significant at p<0.05. All 
statistical analyses were performed with MINITAB 15. Powder production of different 
sugar–protein and sugar–protein–surfactant formulations and critical micelle 
concentration of sodium caseinate were carried out for 3 replicates while all other 
experiments performed on the produced powders were with 9 replicates. In the case of 
dynamic surface tension analysis, type of sugar was not a variable as sugar has no effect 
on the dynamic surface tension. However, the variables were protein concentration 
(0.13% and 7.89%), type of surfactants (Polysorbate 80 and Sodium stearoyl lactylate), 
surfactant concentration (0%, 0.01% and 0.05%) and time (0s and 50s). 
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ABSTRACT 
The effects of proteins and low molecular weight surfactants (LMS) on                       
spray-drying and powder characteristics of model sugar-rich foods have been studied. 
Fructose and sucrose were selected as model sugar-rich foods and sodium caseinate 
(NaCas) was selected as a model protein. Sodium stearoyl lactylate (SSL) and 
Polysorbate 80 (Tween-80) were chosen as model ionic and non-ionic low molecular 
weight surfactants. The feed solutions for spray-drying had 25% solid concentration in 
all. To achieve identical powder recoveries of the order of 80% much higher                       
NaCas: fructose ratio (30:70) was required compared to NaCas: sucrose ratio (0.5:99.5) 
which corresponded to 7.89% and 0.13% of sodium caseinate (initial bulk concentration), 
respectively. There was no change in powder recovery when the SSL concentration was 
increased from 0.01% to 0.05% in fructose–NaCas–SSL solution and also addition of 
0.01% Tween-80 into fructose–NaCas solution did not affect the powder recovery 
(76.7±2.3%). However, it was slightly affected with the increase of Tween-80 to 0.05% 
(69.0±1.9%). At NaCas concentration above critical micelle concentration of NaCas 
(>3% w/w), the presence of up to 0.05% low molecular weight surfactants had either no 
effect or minimal effect on the surface coverage of the droplets/particles and also on the 
powder recovery depending on the nature of the low molecular weight surfactants. The 
surface protein coverage and the recovery of the powder in sucrose–protein systems were 
very sensitive in the presence of low molecular weight surfactants due to being below the 
critical micelle concentration of NaCas. SSL displaced 2.0% and 29.3% of proteins from 
the droplet surface of sucrose–NaCas–SSL, respectively, when its concentration was 
varied from 0.01% to 0.05% thereby reducing the powder recovery from 75.5% to 30%. 
The addition of 0.01% Tween-80 in sucrose–NaCas solution resulted in a 48.2±1.5% 
reduction in powder recovery and at 0.05% concentration, it displaced a substantial 
amount of NaCas from the droplet surface and no powder was recovered. These 
phenomena are explained on the basis of surface-glass transition temperature, dynamic 
surface tension, nature of surfactants and glass transition temperature of sugars used.                
X-ray diffraction and scanning electron microscopy results showed that the powders of 
sucrose–NaCas, sucrose–NaCas with 0.01% SSL and all powders of fructose were 
amorphous. 
 
Key words: Sugar-rich foods, stickiness, sodium caseinate, low molecular weight surfactants, 
surface protein coverage, spray-drying 
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1. Introduction 
Spray-drying is a well-established and widely-used method for transforming a 
wide range of liquid food products into powder form. The process involves spraying 
finely atomized solution droplets into a chamber where hot and dry air rapidly evaporates 
the solvent and converts the droplets into dry particulates. Spray-dried powders can be 
stored at ambient temperature for prolonged periods without compromising the powder 
stability. They are also cheaper to transport and easier to handle in manufacturing plants.                       
Spray-dried powders are economical to produce compared to other processes such as 
freeze-drying (Knorr, 1998). Spray-drying has many applications, particularly in the food, 
pharmaceutical and agrochemical industries (Vega et al., 2005; Adhikari et al., 2007; Maa 
et al., 1998; Maa and Hsu, 1997).  
 
Spray-dried foods can be classified into two broad groups: non-sticky and sticky. 
Materials such as skim milk, solutions such as maltodextrins, gums and proteins belong to 
non-sticky group while natural sugar-rich and acid-rich foods such as fruit and vegetable 
extracts, fruit juices and honey belong to sticky group. The sticky behaviour of sugar-rich 
and acid-rich materials is commonly attributed to low glass transition temperature (Tg) of 
sugars such as fructose, glucose, sucrose and organic acids such as citric, malic and 
tartaric acid which are the major components of these foods (Adhikari et al., 2003b).  
 
The stickiness problem causes considerable economic loss and limits the 
application of drying techniques, such as spray-drying, for food and as well as 
pharmaceutical materials (Boonyai et al., 2004; Maa et al., 1998; Maa and Hsu, 1997). To 
minimize the stickiness problem, process and material science-based approaches are in 
place. Process-based modifications are not easy and can be economically non-viable. For 
example, stickiness could be avoided by keeping the outlet temperature of air below 50 
o
C 
or even at ambient temperature. However, the powders obtained at such low outlet 
temperature usually have high residual moisture content and water activity values which 
negatively impact the storage of the resultant powders. Because of these reasons the entire 
production process can become economically non-viable. The material-science based 
approach also has its own limitations. Large amounts of drying additives such as 
maltodextrins (>35%) are required to convert fruit juices such as blackcurrant, apricot and 
raspberry into powder form (Tonon et al., 2009; Gabas et al., 2007; Righetto and Netto, 
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2005). Addition of such large amounts of these carriers alters the resultant powder quality 
and risks consumer disapproval. 
 
An alternative and novel way to minimize the stickiness problem is to modify the 
surface properties of the droplets/particles with small amounts of proteins (Adhikari et al., 
2009a). It was found that the preferential migration of proteins combined with their                 
film-forming property upon drying, is responsible for overcoming the stickiness of                        
sugar–protein solutions (Adhikari et al., 2009a). It has also been found that a significantly 
small quantity (compared to commonly used additives such as maltodextrins) of proteins 
is required to successfully convert sugar-rich foods into powder form. For example only              
0.13% of NaCas and whey proteins are required to convert sucrose (a model sugar-rich 
food) into  powder while >40% of maltodextrin (DE 6) is required to achieve the same 
yield outcome (Jayasundera et al., 2010b; Truong et al., 2005). It is known that both 
protein and low molecular weight surfactants compete for the air–water interface of a 
droplet (Pugnaloni et al., 2004; van Aken, 2003; Rouimi et al., 2005; Mackie et al., 2000). 
Since low molecular weight surfactants are smaller in size compared to proteins, they are 
kinetically advantaged to occupy the surface of a droplet (van Aken, 2003). Since they 
have low glass transition temperature, the low molecular weight surfactants cannot be 
used as drying aids. They can effectively be used to control the amount of protein at the 
surface of a droplet or a particle (Jayasundera et al., 2010a). In our previous study we 
investigated the competitive effect of low molecular weight surfactants and proteins 
(sodium caseinate and pea protein isolate) on spray-drying of amorphous sucrose which 
was taken as a model-sugar rich food (Jayasundera et al., 2010a, b).  
 
However, sucrose is a disaccharide with reasonably high glass transition 
temperature (65 
o
C) and it is less dominant in composition of sugar-rich foods. The 
sucrose contents in honey and apple juice are 1.0% (w/w) and 2.16% (w/w), respectively 
(Boonyai, 2005; Eisele and Drake, 2005) and fructose is more dominant in these products. 
For example honey has a fructose content of 39.6% while it is 5.69% in apple juice. The 
glass transition temperature of fructose is probably the lowest (16 
o
C) (Truong et al., 
2004) among common sugars in natural sugar-rich foods. It is known to be the stickiest 
sugar among the major sugars and it remains a sticky syrup even at moderately low 
drying temperature (65 
o
C) (Adhikari et al., 2003b). Because of these reasons, it is of 
practical significance to study how well protein can act as a drying aid in converting the 
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fructose to powder form through spray-drying. A comparative study of the spray-drying 
behaviour of fructose and sucrose in the presence of protein as drying-aids will enable 
further insights regarding the effectiveness of proteins as novel drying aids of sugar-rich 
foods. Furthermore, controlled addition of low molecular weight surfactants in the                 
sugar–protein matrix will allow quantification of surface behaviour of                                   
sugar–protein–LMS systems in powder formation process in spray-drying. In this context, 
this study was aimed to investigate the effect of proteins and low molecular weight 
surfactants on spray drying of fructose as a model sugar-rich food. The behaviour of 
sucrose–protein and sucrose–protein–surfactant systems was also provided for 
comparison.  
 
2. Materials and methods  
2.1. Materials  
Fructose with 99.5% purity (ADM, Australia) and sucrose with 99.5% purity 
(Sigma–Aldrich, Australia) were used as model sugar-rich foods. Sodium caseinate 
(NaCas) with a protein content of 92.9% (MG 2972, MG Nutritionals, Australia) was 
used as a model protein and it was used as received. Two food grade surfactants, sodium 
stearoyl lactylate (SSL) and Polysorbate-80 (Tween-80) were used as model surfactants. 
The former (Grindsted
®
SSL P 60 Veg) was purchased from Danisco, Denmark, while the 
latter was purchased from Sigma–Aldrich, Australia. SSL is an ionic surfactant which has 
a lower molecular weight (451.6 g/mol) and a comparatively higher hydrophile-lipophile 
balance (HLB) value of 22 while Tween-80 is a non-ionic surfactant with comparatively 
larger molecular weight (1310 g/mol) and a lower HLB (15) value. Both the surfactants 
are water soluble and are suitable for oil-in-water emulsions (McClements, 2005).  
 
2.2. Methods  
2.2.1. Solution preparation  
The sugar–protein solutions were prepared by heating the solution to 45±5 oC and 
gently agitating with a magnetic stirrer. The fructose: NaCas solid ratio was maintained at 
70:30 while it was 99.5:0.5 in the case of sucrose: NaCas solution on a dry solid basis. 
This fructose: NaCas ratio was used since higher ratios than this resulted in no powder or 
insufficient powder for characterisation. The total solid content of the feed solution was              
25% (w/w) in all the cases. This translates into initial bulk protein concentration in 
fructose–NaCas and sucrose–NaCas solutions to be 7.89% and 0.13% (w/w), 
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respectively. In preparing the solution, both pre-weighed sugar and protein were dry-
mixed thoroughly before addition of water. Three hundred gram solution batches were 
prepared. The inherent moisture content of both crystalline fructose and sucrose was 
taken as zero while it was determined and compensated for in the case of NaCas. 
Solutions of sugar–protein–SSL and sugar–protein–Tween-80 were prepared by adding 
0.01% and 0.05% of each surfactant to the sugar–protein solutions. The solutions were 
heated to 45±5 
o
C to ensure that all solids were completely dissolved. The solutions so 
prepared were tested for dynamic surface tension and subsequently spray-dried. Solutions 
of 0.13%, 0.5%, 1%, 2%, 3%, 4 % and 5% (w/w) NaCas were also prepared to determine 
the critical micelle concentration of NaCas.  
 
2.2.2. Powder production  
Spray-drying of solutions was carried out on a bench-top spray dryer                           
(Buchi B-290, (Buchi, Switzerland) with a water evaporating capacity of 2 L/h. The inlet 
and outlet temperatures were maintained at 165 
o
C and 65 
o
C, respectively. The air flow 
rate was maintained at 36 m
3
/h while the aspiration was 100%. The powders were 
collected from cyclone and the cylindrical part of the dryer chamber by lightly sweeping 
the chamber wall as proposed by Bhandari et al. (1997). The yield was calculated as the 
ratio of the mass of solids collected after spray-drying to the amount in the feed solutions.   
 
2.2.3. Moisture  
The moisture content was determined by drying the powder samples in a vacuum 
oven (Thermoline Scientific, Australia) at 70 
o
C for 24 h by AOAC method, 927.05 
(AOAC, 2000). The samples were removed from the oven, cooled in a desiccator and 
weighed. The drying and weighing processes were repeated until constant weights were 
obtained.  
 
2.2.4. Water activity 
Water activity of powder samples was determined using a pre-calibrated water 
activity meter (Novasina, Switzerland). The temperature was maintained at 24.5 ± 0.5 
o
C.  
 
2.2.5. Glass transition temperature (Tg) 
The glass transition temperature of all powders was measured using a                   
thermo-mechanical compression test (TMCT). A differential scanning calorimeter (DSC) 
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was used in representative samples to compare the results obtained through the TMCT 
method.  
 
 TMCT measures the changes in particle bed compressibility at a constant stress 
(30.6 kPa) due to softening of the powder particles, which can be linked to the glass 
transition temperature of bulk powders. Differential scanning calorimetry (DSC) is 
usually used for the determination of Tg of food powders (Kalichevsky et al.,1993; 
Sandoval et al., 2009). However, determination of Tg of sugar–protein system by DSC is 
difficult due to the fact that change in the specific heat capacity is small and the signal is 
usually masked  in the thermogram (Jayasundera et al., 2010a). It is also reported that 
since sugar–protein is an incompatible system, the Tg of the system measured by DSC is 
usually dominated by the Tg of the sugar (Kalichevsky et al.,1993). It has been shown that 
the Tg data obtained by TMCT corresponds to the end-point Tg values measured by DSC 
(Boonyai et al., 2004). The details regarding the structure, function and the measurement 
protocols are provided elsewhere (Boonyai et al., 2004; Shrestha et al., 2007).  
 
 Differential scanning calorimetry (DSC) analysis was carried out over the 
temperature range of -20 
o
C to 180 
o
C using a Mettler DSC-028 (Mettler Toledo, USA). 
The experiments were carried out at a heating rate of 10 
o
C/min under nitrogen. Sample 
weights ranged between 10 and 15 mg and were conditioned at room temperature prior to 
analysis (Roos and Karel, 1991). 
 
2.2.6. Particle size/particle size distribution 
The particle size and size distribution were measured using a Malvern Laser 
Diffraction Particle Size Analyser (Mastersizer 2000). The volume mean diameter was 
selected to express the particle size as it is one of the most commonly reported particle 
sizes in spray-dried powders (Adhikari et al., 2009a). Particle size range is expressed as 
the 50% volume-based size. Sunflower oil was used as a dispersing medium for all the 
powders. The refractive index of the oil was between 1.461 and 1.468 (O‘Brien, 2009). 
The powder samples in oil were subjected to sonication for better dispersion of the 
powders.  
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2.2.7. X-ray diffraction (XRD) 
XRD studies were carried out on a Siemens (D501) Diffractometer with Co Kα1 
radiation. An anti-scatter slit of 0.15 mm and 1
o
 divergence and receiving slits were used. 
Diffractograms were taken between 8 
o
 and 52.15 
o
 (2θ) at a rate of 1.20 o/min (2θ) and 
with a step size of 0.05
o
(2θ). Diffractograms of fructose–NaCas, sucrose–NaCas,        
fructose–NaCas–surfactant and sucrose–NaCas–surfactant powders were obtained. 
 
2.2.8. Electron spectroscopy for chemical analysis (ESCA) 
  Surface elemental composition of spray-dried powders was estimated by 
electron spectroscopy for chemical analysis (ESCA) (Fäldt et al., 1993). Firstly, ESCA 
measurements for fructose, sucrose, NaCas, SSL and Tween-80 were carried out to 
determine the surface composition of these materials. It is assumed that surface elemental 
composition of pure materials is the same as its bulk elemental composition. Secondly, 
the surface elemental composition of all spray-dried powders was determined. The 
samples were degassed for 72 h before subjecting them to ESCA. The ESCA analysis was 
performed using an AXIS-HSi spectrometer (Kratos Analytical) with a monochromatic                 
Al Kα source at a power of 144 W(12 kV, 12 mA), and a standard aperture of                                            
1 mm x 0.5 mm. The total pressure in the main vacuum chamber during analysis was of 
the order of   10
-8
 mbar. Spectra were recorded at an emission angle of 0 
o
 with respect to 
the surface normal with corresponding depths of penetration on the order of 5–10 nm 
(depending on the kinetic energy of the respective photoelectrons). A survey spectrum 
was performed to identify all elements present (acquired at a pass energy of 320 eV), 
before a high resolution C1s scan at 40 eV pass energy was undertaken to obtain more 
detailed information about the chemical structure. The atomic concentrations of the 
detected elements were calculated using integral peak intensities and the sensitivity 
factors supplied by the manufacturer. Peak assignments are based on the measured 
binding energy values (charge-corrected with respect to the main (aliphatic hydrocarbon) 
peak at 285.0 eV). The data from the C1s high resolution spectra were quantified using a 
minimization algorithm to determine the contributions from specific functional groups 
(spectral curve fitting). Five peak components (mixed Gaussian/Lorentzian model 
functions) were used. Component C1 at the lowest binding energy (BE) was assumed to 
represent aliphatic hydrocarbons (‗‗neutral‘‘ carbon) and the corresponding BE was set 
accordingly to 285.0 eV. A second component at a slightly higher BE was included to 
account for all C1s photoelectrons that underwent a secondary BE shift. Component C3 at 
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286.3–286.6 eV represents C–N and C–O based groups (e.g., amines, ethers, and 
alcohols), C4 at 287.9–288.2 eV accounts for all C=O, O–C–O and N–C=O based groups 
(e.g., carbonyls, amides), and C5 at 288.9–289.3 eV represents O–C=O based groups 
(e.g., acids or esters). A detailed description of ESCA as a method to measure the surface 
composition of dairy-based food powders can be obtained from various sources       
(Adhikari et al., 2009b; Fäldt et al., 1993). As nitrogen is not present in sucrose, fructose 
and surfactants, the surface protein coverage can be calculated from a simple nitrogen 
balance.  
 
2.2.9. Scanning electron microscopy (SEM)  
All spray-dried powders were observed under a scanning electron microscope 
(JSM 6300 SEM). Samples were directly deposited on carbon conductive tape on 
aluminium SEM stubs and were coated with a thin gold layer, using gold sputtering.  
 
2.2.10. Dynamic surface tension (DST)  
DST measurements of individual sugar, protein and surfactant solutions and the 
sugar–protein and sugar–protein–surfactant solutions were obtained using the Sinterface 
PAT-1 tensiometer (Sinterface Technologies, Germany). Surface tension indicates the 
tendency of molecules to move preferentially to the air–droplet interface and it can be 
either dynamic or equilibrium. The equilibrium state indicates that the interface is 
saturated and no more change would take place over time while the dynamic surface 
tension indicates how fast or slow the surface active molecules move to the interface. The 
pendant drop method (droplet-in-air) with appropriate precaution for evaporation and the 
captive bubble (bubble-in-solution) method are commonly used for studying the dynamic 
adsorption process (Miller et al., 1993). In this study, the captive bubble method was used 
where possible and pendant drop method was used where the captive bubbles were 
unstable, especially with surfactants. A small amount of test solution was kept at the 
bottom of the cuvette while using the pendant drop method in order to minimize the effect 
due to evaporation.  
 
The instrument was calibrated with MilliQ water and absolute ethanol ensuring 
that the surface tension of water and ethanol remained in the range of 72.5–73.0 mN/m 
and 22.0 mN/m, respectively. A droplet with a surface volume of 10 mm
3
 was generated 
at the tip of the needle for MilliQ water, ethanol and the test solutions. The temperature of 
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the test chamber was kept constant at 20±0.5 
o
C by circulating thermostated water from 
an external bath. Surface tension values were recorded for 50 s. All experiments were 
carried out in triplicate for 3 sub-samples. 
 
2.2.10.1. Critical micelle concentration (CMC) of NaCas  
Surface tension values of solutions of 0.13%, 0.5%, 1%, 2%, 3%, 4% and 5% 
(w/w) were recorded for 2 h to determine the critical micelle concentration of NaCas 
(Hsiao et al., 1956). The concentration after which the dynamic surface tension did not 
change further is taken as critical micelle concentration.  
 
2.2.11. Observation of surface stickiness 
 Surface stickiness of fructose–NaCas (70:30) and sucrose–NaCas (99.5:0.5) 
solutions was observed using a custom-built in situ stickiness measuring instrument. This 
device works on the principle of tack, which mimics the feel when one touches a droplet 
surface. The working principle and the test protocols are given elsewhere (Adhikari et al., 
2003a). The experiments were carried out at 65 
o
C as this is the outlet temperature in our 
spray-drying trials. The velocity and the relative humidity of the drying air were 0.5 m/s 
and 5.5%, respectively. The total testing time was varied between 1 and 2.5 h. The 
stainless steel probe was driven downwards until it made a good contact with the droplet 
(initial droplet volume 50 µl) surface. The contact and withdrawal speeds were 
maintained at 50 mm/min in all experiments. Once the contact was established (1–2 s), 
the probe was withdrawn. Digital images during approach, contact and withdrawal were 
recorded.  
 
2.2.12. Viscosity measurements  
Solutions of fructose, NaCas and solutions of spray-dried fructose–NaCas (70:30), 
fructose–NaCas (70:30)+ 0.01% SSL, fructose–NaCas (70:30) + 0.05% SSL,                        
fructose–NaCas (70:30) + 0.01% Tween-80 and fructose–NaCas (70:30) + 0.05%                
Tween-80 were prepared at a concentration of 8% w/w. Viscosity measurements were 
acquired using a HAAKE Rheo Stress 1 rheometer (Germany) equipped with 2.5 cm 
diameter parallel plate. All tests were performed at 20 ± 0.5 
o
C using a constant volume 
of 235 µl. The sample was left for temperature equilibration (1 min), and then the gap 
between the plates was adjusted to 0.3 mm. Viscosity was measured as a function of 
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increasing shear rate within 0–150 s-1. All samples were measured in triplicate for 3 sub-
samples using a fresh sample for  each determination (Oliver et al., 2006). 
 
2.3. Statistical analysis 
Statistical analysis was performed using ANOVA. The mean values and standard 
deviation were calculated from triplicate experimental data. Differences were compared 
by Tukey test for all experiments and considered significant at p<0.05. All statistical 
analyses were performed with MINITAB 15. 
 
3. Results and discussion 
3.1. DST and extent of protein and surfactant migration to the surface 
The DST values for solutions of fructose–NaCas with and without Tween-80 and 
sucrose–NaCas with and without Tween-80 are presented in Fig. 1(a) and (b), 
respectively. DST values for solutions of fructose, sucrose, NaCas, Tween-80 and SSL 
are also provided for comparison. DST values of 25% fructose and 25% sucrose solutions 
(75.63±0.17 mN/m and 73.61±0.28 mN/m, respectively) did not change over time as 
expected since both fructose and sucrose are not surface active (Figs. 1 and 2). 
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Figure 1: (a) Dynamic surface tension (mN/m) for solution of fructose–NaCas in the absence and presence of                
Tween-80 and (b) Dynamic surface tension (mN/m) for solution of sucrose–NaCas in the absence and presence of 
Tween-80 
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Figure 2: (a) Dynamic surface tension (mN/m) for solution of fructose–NaCas in the absence and presence of SSL and 
(b) Dynamic surface tension (mN/m) for solution of sucrose–NaCas in the absence and presence of SSL  
 
The DST values of 7.89% NaCas and 0.13% NaCas ranged from                                   
50.66±0.54 mN/ m to 49.44±0.32 mN/m and from 54.23±1.13 mN/m to                            
51.98±0.46 mN/m, respectively within 1 min of test time (Figs.1 and 2). When 7.89% 
NaCas was added to fructose solution the dynamic surface tension value reduced to 
50.37±0.21 mN/m within 50 s which was comparable to that of sucrose–NaCas 
(52.73±0.31 mN/m). The analysis of variance of data showed that the effect of protein 
concentration on surface tension of these two protein–sugar systems was not significant 
(p>0.05). The DST values of fructose–NaCas and sucrose–NaCas were similar to those of 
7.89% NaCas and 0.13% NaCas, at 50 s, respectively, confirming that at these protein 
concentrations, NaCas manages to migrate to the air–water interface almost instantly. 
These observations indicate that the protein preferentially migrates to the air–water 
interface of the sugar–protein systems reasonably fast. 
 
Addition of 0.01% Tween-80 and 0.05% Tween-80 into fructose–NaCas solution 
did not affect the DST values indicating that protein surface coverage remained intact and 
that no protein was displaced from the surface (Fig. 1a). This outcome is also supported 
by the surface elemental analysis results which will be discussed shortly. In the case of 
(b) 
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sucrose–protein systems the addition of 0.01% Tween-80 into sucrose–NaCas solutions 
reduced the surface tension values indicating that a certain fraction of protein molecules 
was displaced by this surfactant from the surface. The inability of the low molecular 
weight surfactants to displace the protein from the droplet surface of the former may be 
due to the fact that this is not a dilute system with respect to protein concentration (from 
Fig. 3, the critical micelle concentration (CMC) of the sodium  caseinate is 3% w/w). 
Because of the high protein concentration there might be multiple layers of the protein 
molecules for low molecular weight surfactants to penetrate before they manage to reach 
the surface (Dickinson and Golding, 1997). Furthermore, as there is less space (due to 
crowding of protein molecules) for bulky protein molecules to move to the sub-surface, 
they remained on the surface. In the case of sucrose–protein–LMS systems as the protein 
concentration is much lower, the commonly observed surfactant–protein competitive 
interactions at the surface can be clearly seen here. We will discuss this aspect later in the 
text using surface elemental analysis of the resultant powders. 
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Figure 3: Surface tension (mN/m) of solutions of NaCas as a function of concentration of NaCas at 205oC. (The error 
bars are masked within symbols). 
 
 It is noteworthy of reporting here that even with a higher amount of Tween-80 
(0.05%) in fructose–NaCas solution the DST values did not decrease indicating that the 
protein was still intact at the air–droplet interface in this fructose–protein system. In the 
case of sucrose–protein droplets, when the Tween-80 concentration was increased from 
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0.01% to 0.05%, the DST values decreased to their minimum almost immediately (0.8 s) 
(Fig. 1b). This outcome suggests that Tween-80 had displaced almost all the proteins 
from the surface, which is further indicated by surface elemental analysis results                         
(Table 1).  
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Table 1: Surface composition of reference samples and spray-dried powders of sugar–protein with or without Tween-80 and SSL 
 
Ex – Experimental          Th – Theoretical 
Sample Carbon (%) Oxygen (%) Nitrogen (%) Protein on surface (%) 
Ex 
(%) 
Th 
(%) 
Error 
(%) 
Ex 
(%) 
Th 
(%) 
Error 
(%) 
Ex 
(%) 
Th 
(%) 
Error 
(%) 
Fructose 54.05±0.95 50.00 4.05 45.95±0.65 50.00 4.05 0.00±0.00 0.00 0.00 - 
 
Sucrose 53.66±2.37 
 
52.17 1.49 46.34±2.37 47.83 1.49 0.00±0.00 0.00 0.00 - 
NaCas 72.57±0.42 
 
65.00 7.57 13.77±0.32 19.00 5.23 12.99±0.56 16.00 3.01 - 
SSL 
 
  89.77±0.061 77.42 12.35 14.99±0.002 19.35 4.36 0.00±0.00 0.00 0.00 - 
Tween-80 
 
- 71.11 - - 28.89 - - 0.00 - - 
Fructose: NaCas(70:30) 
 
   59.7±0.05 - -   28.3±0.02 - -   11.6±0.04 - - 89.3±0.05 
Fructose: NaCas(70:30)+0.01% Tween-80    59.5±0.03 - -   29.0±0.01 - -  11.01±0.06 - - 84.8±0.10 
Fructose: NaCas(70:30)+0.05% Tween-80 
 
   61.6±0.02 - -   27.6±0.02 - -   10.3±0.04 - - 79.6±0.05 
Fructose: NaCas(70:30)+0.01% SSL 
 
60.55±0.06   27.58±0.01   11.39±0.03   87.7±0.11 
Fructose: NaCas(70:30)+0.05% SSL 
 
  59.4±0.04 - -   28.8±0.03 - - 11.34±0.05 - - 87.3±0.08 
Sucrose:NaCas(99.5: 0.5) 
 
64.01±0.02 - - 28.86±0.15 - -  6.77±0.18 - - 52.1±0.3 
Sucrose: NaCas (99.5:0.5)+0.01% Tween-80 
 
61.39±0.09  
- 
 
- 
36.96±0.01  
- 
 
- 
 1.66±0.001  
- 
 
- 
12.8±0.0 
Sucrose: NaCas (99.5:0.5)+0.01% SSL 
 
63.38±0.06  
- 
 
- 
29.92±0.03  
- 
 
- 
6.58±0.35  
- 
 
- 
50.1±0.6 
Sucrose: NaCas (99.5:0.5)+0.05% SSL 
 
78.30±0.03 - - 18.30±0.04 - - 2.96±0.17 - - 22.8±0.3 
1
1
2
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The DST values ranged from 49.41±1.23 mN/m to 47.18±0.36 mN/m and from 
48.94±0.45 mN/m to 47.07±0.23 mN/m during 50 s with the addition of 0.01% SSL and 
0.05% SSL, respectively into fructose–NaCas solution (Fig. 2a). Here again it is worth 
noting that the protein is intact at the droplet–air interface of the fructose–protein system; 
thereby no displacement of the protein was observable at this level of protein 
concentration studied here. The DST values reached their minimum irrespective of the 
SSL concentration (0.01% or 0.05%) in sucrose–NaCas solutions (Fig. 2b) immediately 
after the start of the experiment. It is interesting to note that the DST values of solutions 
with Tween-80 were higher than those with SSL in the case of sucrose–NaCas solutions. 
This suggests that if lowered DST values are to directly correlate to the surface 
occupation by low molecular weight surfactants or the displacement of the proteins from 
the droplet surface, the SSL should have occupied more surface and thereby displacing 
more protein from the surface compared to that of Tween-80. However, it is not the case 
with sucrose–NaCas–surfactant solutions when powder recoveries are considered. This 
suggests that the surface activity (represented by equilibrium surface tension) alone 
cannot explain the total recovery of sucrose–NaCas–surfactant powders. It is suggested 
that it is the kinetics of surfactant–protein–surface interactions and the mechanism with 
which the surfactants displace the proteins from the air–water interface that are 
responsible for the different powder recoveries of sucrose–NaCas–surfactant powders 
(Gunning et al., 2004; Adhikari et al., 2009b). It is interesting to note that in the case of 
fructose–NaCas solution, probably due to a very high concentration (>3% w/w) of protein 
neither of these two low molecular weight surfactants was capable of displacing the 
proteins from the droplet surface. As suggested above, it can be attributed to the excess 
protein molecules forced to make tight multiple layers on the surface and the sub-surface 
of the droplets (Dickinson and Golding, 1997).The surface elemental analysis would later 
indicate that the surface of the droplet is supersaturated with proteins. This suggests that 
the ability of the low molecular surfactants to displace the proteins depends on the 
amount of protein in the system. The low molecular weight surfactants are very effective 
in displacing the protein from the drop surface when the protein concentration is below 
the critical concentration of NaCas. 
 
3.2. Powder recovery  
The recovery of fructose–NaCas and sucrose–NaCas powders with or without low 
molecular weight surfactants is presented in Fig. 4a and b. A zero powder recovery 
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indicates that all the fructose/sucrose solids in the feed were lost as wall deposits. This 
result agrees with the previous studies of spray-drying sugar rich foods (fructose, sucrose 
and glucose) under similar conditions (Papadakis et al., 2006).  
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 Figure 4: (a) Recovery of fructose–NaCas powders in the absence and presence of low molecular weight surfactants in 
spray-drying trials and (b) Recovery of sucrose–NaCas powders in the absence and presence of low molecular weight 
surfactants in spray-drying trials.  
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When 30% fructose was replaced by NaCas (Fig. 4a) the total recovery rose to               
81.5±2.0%, which was comparable to the total recovery of sucrose–NaCas (82.0±1.4%). 
However, this amount of sucrose–NaCas powder was obtained with 0.5% of NaCas (Fig. 
4b). The reason for this extent of NaCas requirement for successfully spray-drying of in 
fructose solution is due to the lower Tg of fructose (16 
o
C) compared to that of sucrose     
(65 
o
C) (Truong et al., 2004). In laboratory or pilot scale spray-drying operations, a total 
powder recovery of 50% is taken to be the benchmark for a marginally successful                   
spray-drying (Bhandari et al., 1997). The greatly enhanced powder recovery indicates that 
proteins (NaCas) preferentially migrate to the air–water interface of sugar solutions and 
form a protein-rich film. This film is converted into a glassy skin when it is subjected into 
hot and dry air. The resultant skin is capable of overcoming the coalescence of droplets as 
well as sticky interactions of the particles at the drying chamber of the spray-dryer 
(Adhikari et al., 2007a). 
 
Addition of 0.01% Tween-80 into fructose–NaCas solution did not reduce the 
total powder recovery. However, there was a slight reduction in total recovery when 
Tween-80 concentration was increased from 0.01% to 0.05% (Fig. 4a). In the case of a                       
sucrose–protein system, however, it can be seen from Fig. 4b that addition of 0.01% 
Tween-80 into sucrose–NaCas solution has led to a sharp reduction in total powder 
recovery. When the concentration of the Tween-80 was increased from 0.01% to 0.05%, 
no powder was recovered in the case of sucrose–NaCas solutions (Fig. 4b). The total 
recoveries of powders of fructose–NaCas with 0.01% SSL and 0.05% SSL were 
79.5±1.7% and 78.7±1.2%, respectively. Addition of SSL to fructose solution has not 
affected the total recovery. These comparable recoveries corroborate well with the 
observations made on the DST data that the surfactants were unable to displace the 
protein from the droplet surface. A comparable total powder recovery (75.5±1.8%) was 
observed for sucrose–NaCas–SSL (0.01%). However, the recovery dropped to 30.1±1.4% 
for powders with 0.05% SSL. The reason for the drop in total powder recovery in this 
sucrose–protein system is due to the fact that when the SSL concentration is increased, 
more of SSL occupies the surface thereby pushing the proteins to the bulk. X-ray 
diffraction patterns confirmed that the sucrose powders with 0.01% SSL were amorphous 
while they were crystalline when they were with 0.05% SSL (Fig. 5b). The reason for this 
change in phase (amorphous to crystalline) can be attributed to the coalescence of 
multiple droplets into agglomerated powder particles either during their flight or at the 
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cyclone. Although these agglomerated powder particles are not totally fused, however, 
due to their large size the evaporation slows down considerably. This slow evaporation 
allows the sucrose molecules to crystallize. Another reason for sucrose crystallization of 
powders of sucrose–NaCas–Tween-80(0.01%) and sucrose–NaCas–SSL (0.05%) may be 
due to semi-dried particles colliding with each other either at the drying chamber or at the 
cyclone. The agglomerated particles have a better chance of reaching the dryer wall. The 
particles at the dryer wall have longer residence time at relatively higher temperature. The 
agglomerated powders continue to dry through their contact with the hot walls and the air. 
Consequently, their longer residence time provides the necessary time frame for the 
sugars to crystallize and the particles can become non-sticky. They can subsequently get 
unstuck from the wall becoming partially crystalline or becoming denser and getting 
unstuck by the air. This explains for the low powder recovery. It is expected that longer 
residence times at high temperatures are detrimental to product quality in the case of 
sugar-rich foods. Total recovery of sucrose–NaCas–SSL (0.01%) powder is similar to that 
of sucrose–NaCas powder indicating that the addition of 0.01% SSL has not affected the 
protein surface composition and hence the powder recovery. 
 
3.3. Crystalline/amorphous nature of spray-dried powders 
The physical parameters of the powders produced are presented in Table 2. The aw 
values of all powders of fructose, sucrose–NaCas and sucrose–NaCas–SSL (0.01 %) are 
within the range of aw values (~0.2) of industrially spray-dried powders (Adhikari et al., 
2009a). Water activity values were high (aw = 0.83) for both sucrose–NaCas–Tween-80 
(0.01%) and sucrose–NaCas–SSL (0.05%). The high aw values are due to the fact that 
these two powders were crystalline and the moisture was mostly free water. One of the 
characteristics of spray-dried products is the low moisture content of less than 5% 
(Masters, 1991). The moisture content of all the powder samples is well within the range 
except for fructose–NaCas–Tween-80(0.05%) (6.41±0.02%) (Table 2). The moisture 
content of all fructose–protein powders was higher than those of sucrose–protein powders 
due to higher protein content in the former as proteins have greater water-holding 
capacity in their amorphous state than in their crystalline state (Ronkart et al., 2006).  
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Table 2: Physical parameters of sugar–protein powders with and without low molecular weight surfactants 
          All values are means of 9 replicates of 3 sub-samples with Standard deviation. 
 
Sample 
Parameters 
aw(24.50.5 
oC) 
 
Moisture (%) wb Particle Size d [v, 0.5] (µm) 
Fructose: NaCas(70:30) 
 
0.13±0.00 4.01±0.12 26.54±0.73 
Fructose: NaCas(70:30)+0.01% Tween- 80 
 
0.14±0.01 4.67±0.009 32.9±3.27 
Fructose: NaCas(70:30)+0.05% Tween- 80 
 
0.14±0.00 6.41±0.02 101.23±2.95 
Fructose: NaCas(70:30)+0.01% SSL 
 
0.11±0.01 4.68±0.001 30.94±1.09 
Fructose: NaCas(70:30)+0.05% SSL 
 
0.12±0.01 4.50±0.03 26.45±0.90 
Sucrose: NaCas(99.5 :0.5) 
 
0.24± 0.01 3.19± 0.1 
 
23.60±0.25 
Sucrose: NaCas(99.5 :0.5)+0.01% Tween- 80 
 
0.83± 0.01 1.33± 0.0 69.03±1.20 
Sucrose: NaCas(99.5 :0.5)+0.01% SSL 
 
0.28± 0.01 3.19± 0.1 28.43±0.01 
Sucrose: NaCas(99.5 :0.5)+0.05% SSL 
 
0.83±0.02 3.83± 0.1 51.05±0.73 
Fructose(commercial) 
 
0.280.01 0.000.0 399.8223.82 
Sucrose(commercial) 
 
0.380.01 0.00.0 885.6515.83 
NaCas(commercial) 
 
0.32±0.01 5.0±0.0 86.66±3.52 
SSL(commercial) 
 
0.360.01 3.70.2 214.487.69 
1
1
7
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It can be seen from X-ray diffractograms in Fig. 5a and b that all powders 
involving fructose and the powders of sucrose–NaCas and sucrose–NaCas–SSL (0.01%) 
were amorphous while sucrose–NaCas–Tween-80 (0.01%) and sucrose–NaCas–SSL 
(0.05%) were crystalline. The amorphous nature of the powders may be due to very rapid 
evaporation and particle formation process as indicated by the low aw values of the 
resultant powders.  
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Figure 5: (a) X-ray diffraction patterns of fructose–NaCas powders in the absence and presence of low molecular 
weight surfactants and (b) X-ray diffraction patterns of sucrose–NaCas powders in the absence and presence of low 
molecular weight surfactants  
 119 
The scanning electron micrographs showed that the fructose–NaCas (70:30),                      
fructose–NaCas–SSL (0.05%) and sucrose–NaCas (99.5:0.5) particles are mostly 
spherical (Fig. 6a, b and c) whereas the sucrose–NaCas–SSL (0.05%) particles are 
hexagonal (Fig. 6d). The morphology of these particles apparently gives a good indication 
of the amorphous and crystalline nature of the powders, spherical particles being 
amorphous in nature and hexagonal being crystalline (Ando et al., 2007; Mantovani, 
1991). 
 
 
 
Figure 6: Scanning electron micrographs of powders of (a) fructose–NaCas(70:30), (b) fructose–NaCas(70:30)+0.05% 
SSL, (c) sucrose–NaCas (99.5:0.5) and (d) sucrose–NaCas (99.5:0.5)+0.05% SSL  
 
 The mean particle size of all fructose powders except for                                         
fructose–NaCas–Tween-80(0.05%) ranged from 26.45±0.90 µm to 32.9±3.27 µm while 
the particle size of fructose–NaCas–Tween-80(0.05%) was 101.23±2.95 µm (Table 2). 
Addition of just 0.05% Tween-80 into fructose–NaCas solution has increased the mean 
particle size of fructose–NaCas–Tween-80 (0.05%) powder to four times more than that 
of the fructose–NaCas. This increment in particle size indicates that                                   
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fructose–NaCas–Tween (0.05%) powder is agglomerated. The mean particle size of 
sucrose–NaCas is 23.60±0.25 µm and it is 28.43±0.01 µm for sucrose–NaCas with 0.01% 
SSL. These results reveal that there is no major difference in mean particle size of both                        
sucrose–NaCas and sucrose–NaCas with 0.01% SSL. This leads to somewhat comparable 
powder yields of these two formulations. Sucrose–NaCas–Tween-80 (0.01%) and 
sucrose–NaCas–SSL (0.05%) showed higher mean particle size compared to that of 
sucrose–NaCas and sucrose–NaCas–SSL (0.01%). The mean particle size of                      
sucrose–NaCas–Tween-80 (0.01%) was 69.03±1.20 µm whereas it was 51.05±0.73 µm in 
the case of sucrose–NaCas–SSL (0.05%). 
 
3.4. The protein surface coverage and its implication on powder recovery 
 The elemental compositions of carbon, oxygen and nitrogen at the surface of 
the fructose–NaCas and sucrose–NaCas powders with or without low molecular weight 
surfactants are presented in Table 1. The elemental compositions of sucrose, fructose, 
NaCas and SSL are given as a reference. It can be seen that the error in measurements in 
pure samples is within 5% of the theoretical value in most of the cases (Table 1). Addition 
of 7.89% NaCas was able to cover 89.3% of the surface of fructose–NaCas particles, 
thereby producing a powder recovery comparable to that of sucrose–NaCas. A similar 
result was observed with powders of fructose–NaCas–SSL (0.01%) and                   
fructose–NaCas–SSL (0.05%) indicating that no protein displacement from the surface 
was observed with the increment of SSL concentration from 0.01% to 0.05% (Table 1 and  
Fig. 4a). These surface elemental compositions of the fructose–protein systems 
corroborate or support the earlier observations made during DST experiments. Electron 
spectroscopy for chemical analysis of fructose powders showed that the surface 
composition of proteins is much higher than that of the bulk concentrations. Increasing 
the concentration of protein (7.89%) caused the surface coverage to increase. A similar 
observation was reported by Wang and Langrish (2010). It is worth noting here that                  
55–60% of surface coverage by proteins (on the particle surface) constitutes the saturation 
surface coverage on the droplet surface for (dilute) protein concentration below the 
critical concentration of NaCas in the bulk. This is because of electrostatic repulsion 
among protein molecules. However, when the protein concentration in solution is well 
above the critical micelle concentration of sodium caseinate (>3% w/w) (Fig. 3) of the 
droplet (and hence the resultant particle), it is possible to have protein concentration 
above this saturation concentration of protein. It can be referred to as ‗super saturation‘ of 
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droplets/particles due to very high concentration of proteins in the bulk. It was observed 
that when 0.01% and 0.05% Tween-80 were added to fructose–NaCas droplets the 
surface protein coverage was 84.8% and 79.6%, respectively. All fructose powders 
showed comparable surface coverage (≥80%) yielding comparable total powder 
recoveries (Fig. 4a), indicating that the comparatively larger amount of protein on the 
surface of fructose–NaCas powders was capable of increasing the Tg of the said powders. 
The powder recoveries of both sucrose–NaCas and sucrose–NaCas with 0.01% SSL are 
comparable to each other (Fig. 4b) indicating that addition of 0.01% SSL has not affected 
the surface coverage by proteins very much. It was observed that with the addition of 
0.05% SSL in sucrose–NaCas, the recovery dropped to 30% since the surface protein 
coverage has reduced to less than half (22.8±0.3%) compared to that of                 
sucrose–NaCas powder. This result indicates that the addition of 0.05% SSL has 
displaced 29.3% of proteins from the surface.  
 
When 0.01% Tween-80 was added to sucrose–NaCas droplets, the protein surface 
coverage reduced from 52.0% to 12.8%. This indicates that 0.01% Tween-80 was able to 
replace 39.3% of total protein on the droplet surface. At this level of displacement of 
protein from the surface, the powder recovery dropped from 82.0% to 33.8%, which is 
below the bench mark for a successful spray drying operation (Bhandari et al., 1997). 
With the addition of 0.05% Tween-80, no powder was recovered indicating that the 
protein was displaced/dislodged from the surface to the extent that it was impossible for 
the residual surface coverage of the protein to overcome the stickiness. In this case, since 
we were unable to recover any powder, the determination of the residual surface coverage 
of the protein was not possible.  
 
In the absence of low molecular weight surfactants, 52.0% of the surface of 
sucrose–NaCas particles is covered by the protein (NaCas) although the feed solution 
contained only 0.13% protein (Table 1). It is interesting to note that the initial bulk 
composition of 0.13% NaCas was able to cover 52.0% (on mass basis) of the surface of 
sucrose–NaCas particles. This resulted in 82.0% powder recovery (Fig. 4b). This level of 
surface coverage is attributed to preferential migration of surface-active proteins to the                
air–water interface and the skin-forming property of proteins (NaCas). To further explore 
the skin-forming property of NaCas, we conducted surface tackiness tests as described in 
2.2.12 using solutions of fructose–NaCas (70:30) and sucrose–NaCas (99.5:0.5). The 
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modes of failure at the probe–fructose:NaCas(99.5:0.5) droplet interface and at  the                             
probe–sucrose:NaCas (99.5:0.5) droplet interface at non-sticky state at 2 h are presented 
in Fig. 7(a) and (b), respectively. It can be seen that no bonding (or cohesive failure) 
occurred between the probe and the droplet (sucrose/fructose): NaCas surface due to skin 
formation (Fig. 7a and b). It is worth mentioning here that neither fructose nor sucrose 
powder was recovered in the absence of the sodium caseinate as cohesive failure occurred 
in both cases and the material remained stuck to the probe upon its withdrawal (figures 
not shown). 
 
 
       (b) 
    Figure 7: (a) Mode of failure at probe–fructose:NaCas (70:30) droplet interface at non sticky state (65 oC,  0.5 m/s 
air velocity, 5.5% relative humidity and 50 mm/min probe speed) and (b) Mode of failure at probe–sucrose:NaCas 
(99.5:0.5) droplet interface at non sticky state (65 oC,  0.5 m/s air velocity, 5.5% relative humidity and 50 mm/min 
probe speed) 
 
3.5. Surface glass transition temperature and powder recovery  
The Tg of multi-component mixtures was predicted using a mass weighted mean 
rule (Adhikari et al., 2009a). The multi-component mixture is assumed to be composed of 
‗n‘ individual binary solid–water mixtures, where ‗n‘ is the number of solid components. 
Tg for each binary solid–water mixture is determined using Gordon–Taylor Equation (1) 
(Gordon and Taylor, 1952).  
ws,ws
wg,ws,wsg,s
water-solidg,
KXX
TKXTX
T


 ………..(1) 
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Tg,solid—water is the glass transition temperature of a solid–water binary mixture, Xs 
and Xw, respectively, are the mass fractions of solid and water in solution. Tg,s is the Tg of 
anhydrous solid, Tg,w is the Tg of pure water and Ks,w  is a dimensionless proportionality 
constant that provides the moisture dependence of Tg. Finally, the Tg of the                              
multi-component mixture is calculated as a mass weighted mean on a water free basis         
(Eqs. (2) and (3)) assuming that the solids are uniformly mixed in the system. 
 
i
n
1i
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
 ------------------------------(2) 
 
1X
n
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i 

-------------------------------------------(3) 
 
Tg,mixture is the Tg of the multi-component mixture including water. Tg,i-w represents 
the Tg of binary solid–water mixtures such as sucrose–water, fructose–water,                     
NaCas–water and SSL–water, etc. Xi is the mass fraction of an individual solid 
component on a water free solid basis. In Eq. (2), the effect of water has been 
incorporated through the Tg relationship for each binary solid–water mixture. The Tg and 
Ks,w values for pure samples are listed in Table 3. The experimental Tg along with 
predicted bulk Tg and surface Tg of spray-dried powders at various moisture contents are 
presented in Table 4. Surface Tg was predicted by assuming that the solids are mixed 
uniformly on a water free basis. The calculated mole fractions of sugar, protein, low 
molecular weight surfactants and water on the surface are given in Table 5. The bulk Tg 
values of fructose powders were raised by the high proportion of protein (30% of total 
solids) on the powder in fructose–NaCas as it is a comparatively higher ratio compared to 
that of sucrose: NaCas powders. It is worth reporting that the surface Tg of almost all 
fructose powders has increased immensely indicating excess surface coverage of proteins 
in fructose–NaCas powders. This reflects the supersaturation of proteins at the droplet–air 
interface of the fructose–NaCas droplets. When these droplets were spray-dried, >80% of 
the particle surface was covered with the protein. The presence of low molecular weight 
surfactants had almost no effect on the protein surface coverage as indicated by the 
elemental surface composition. This further supports the arguments previously made on 
DST and powder recovery observations. The predicted surface Tg values were calculated 
using the protein surface coverage values of Table 1. The experimental bulk Tg values are 
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comparable to predicted bulk Tg, values of almost all fructose and sucrose powders. 
Addition of 0.01% SSL into sucrose–NaCas solution has reduced the bulk Tg of powders 
indicating that the low Tg of SSL is the reason for the reduction in bulk Tg of such 
powders. It is interesting to note that there was no difference between predicted bulk Tg 
and surface Tg for the sucrose–NaCas powders with SSL. It strongly supports the fact that 
the propensity of NaCas to preferentially occupy the surface is negated by the presence of 
low molecular weight surfactants. It is proven that the kinetics of low molecular weight 
surfactants such as SSL and Tween-80 to move to the surface is much greater than that of 
the protein due to the small size of the former. However, as a very high protein 
concentration was used in the fructose–NaCas system, the somewhat different 
phenomenon that was observed in this system is not entirely unexpected. It was not 
possible to achieve 50% powder recovery required for a marginally successful                       
spray-drying (Bhandari et al., 1997) at higher than fructose: NaCas ratio of (70:30) on dry 
solid basis. The requirement of this extent of protein in fructose–protein systems can be 
attributed to low glass transition temperature of fructose. This is because at lower than 
30% solids in the fructose–NaCas system the bulk Tg was not high enough to fall within 
the safe drying regime under prevailing conditions of spray drying (outlet temperature of 
65 
o
C). It is generally accepted that the surface temperature of the drop/particle should 
never exceed the surface-Tg of the droplet-particle +20 
o
C for the spray-drying system to 
be operated within non-sticky regime (Roos and Karel, 1991; Adhikari et al., 2004). 
Therefore, the particles have remained within the safe drying region for fructose–NaCas 
and sucrose–NaCas powders.  
 
Table 3: Glass transition temperature (Tg) and water dependence ( ws,K ) of sample materials 
 
Samples Tg (
oC) 
ws,K (dimensionless) 
Water -135 - 
Fructose    16 3.18 
Sucrose    65 4.47 
NaCas 130 0.76 
SSL      38.9 16.1 
Tween-80  -15 13.2 
Source: Kalichevsky et al. (1993) and Adhikari et al. (2003b, 2009a). 
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           Table 4: Experimental Tg  along with predicted bulk Tg values and surface Tg values of spray-dried powders  
 
            Ex – Experimental          Pred – Predicted 
            Experimental bulk Tg values were obtained from TMCT, while the corresponding values inside the parentheses were obtained from DSC 
 
Sample Moisture (%) wb Tg (Ex) (bulk)(
oC) 
Tg (pred) 
(bulk)(oC) 
Tg  (pred) (surface layer)(
oC) 
Fructose: NaCas(70:30) 
 
4.01±0.12 
     53.43.001.18(55.771.2) 
 
35.4 108.5 
Fructose: NaCas(70:30)+0.01% Tween-80 
 
 4.67±0.009 42.051.06(42.290.9) 33.1 98.7 
Fructose: NaCas(70:30)+0.05% Tween-80         6.41±0.02 36.10.73(42.542.3) 27.0 84.0 
Fructose: NaCas(70:30)+0.01% SSL  4.68±0.001 39.40.96(40.531.4) 33.1 104.6 
Fructose: NaCas(70:30)+0.05% SSL         4.50±0.03 34.40.45(41.522.1) 33.7 104.4 
Sucrose:NaCas (99.5: 0.5) 
 
          3.19±0.1 
 
          54.30.9(58.11.2)             39.7 83.2 
Sucrose:NaCas (99.5: 0.5)+0.01% Tween-80         1.33±0.0 Crystalline - - 
Sucrose:NaCas (99.5: 0.5)+0.01% SSL         3.19±0.1           43.92.3(42.41.3) 39.7 40.7 
Sucrose:NaCas (99.5:0.5)+0.05% SSL         3.83±0.1 Crystalline - - 
1
2
5
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  Table 5: Mole fractions of sugar, protein, low molecular surfactants and water on the surface of spray-dried powder particles 
 
 
Sample Mole Fraction 
Sugar Protein SSL Tween-80 Water 
Fructose: NaCas 
 
0.1079 0.8921 0 0 0 
Fructose: NaCas+0.01% SSL 0.1229 0.8771 0.015 0 0 
 
Fructose: NaCas+0.05% SSL 0.1269 0.8731 0.019 0 0 
 
Fructose: NaCas+0.01% Tween-80 0.1523 0.8477 0 0.0444 0 
 
Fructose: NaCas+0.05% Tween-80 0.2036 0.7964 0 0.0957 0 
 
Sucrose:NaCas 0.4788 0.5212 0 0 0 
 
Sucrose:NaCas+0.01% SSL 0.4788 0.2279 0.2933 0 0 
 
Sucrose:NaCas+0.05% SSL 0.4788 0.1278 0.3934 0 0 
 
Sucrose:NaCas+0.01% Tween-80 0.4788 0.5065 0 0.0147 0 
 
 
1
2
6
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3.6. Relationship between viscosity and Maillard reaction  
It has been reported that caseinate glycoconjugates (fructose–NaCas) when heated 
at 60 
o
C for 48 h or more show non-Newtonian behaviour with greatly higher viscosity 
than that of the sodium caseinate and fructose alone at the same solid concentration. The 
authors suggested that this is an indication of formation of caseinate glycoconjugates, 
which could be attributed to protein polymerisation through Maillard-generated                    
cross-links (Oliver et al., 2006). In our experiments when the viscometric behaviour of 
the resultant powders was tested (Fig. 8) the viscosity of the fructose–NaCas solutions 
and fructose–NaCas–surfactants solutions remained within the viscosity values of the 
NaCas and fructose solutions. All the solutions showed Newtonian behaviour above a 
shear rate of 50 s
-1
. This indicated that the Maillard reaction has not occurred during the 
residence time of the powders in the spray-drying operation. This is because the residence 
time in the laboratory spray dryer is of the order of 1–2 s.  
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Figure 8: Flow curve of NaCas (8% w/w), fructose (8% w/w) and fructose: NaCas (8% w/w) at 200.5 oC 
 
4. Conclusions  
More than 80% of amorphous fructose and sucrose powders were produced 
through spray-drying with the addition of 7.89% and 0.13% of sodium caseinate (initial 
bulk concentration), respectively. This is an indication that NaCas can act as a very 
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effective drying aid. There was no change in powder recovery when the SSL 
concentration was increased from 0.01% to 0.05% in fructose–NaCas–SSL solution and 
also addition of  0.01% Tween-80 into fructose–NaCas solution did not affect the powder 
recovery (76.7±2.3%). However, it was slightly reduced with the increase of Tween-80 to 
0.05% (69.0±1.9%). At NaCas concentration above the critical micelle concentration of 
NaCas (>3% w/w), the presence of up to 0.05% low molecular weight surfactants had 
either no effect or minimal effect on the surface coverage of the droplets/particles and 
also on the powder recovery, depending on the nature of the low molecular weight 
surfactants. This observation was confirmed by measured surface elemental analysis and 
calculated surface Tg of spray-dried powders and comparable powder recovery. The 
requirement of NaCas:fructose ratio of (30:70) compared to that of 
NaCas:sucrose(0.5:99.5) for comparable powder recovery is due to low Tg of fructose. In 
contrast, in sucrose–NaCas droplets SSL at concentrations of 0.01% and 0.05% displaced 
2.0% and 29.3% of proteins from the droplet surface of sucrose–NaCas–SSL, 
respectively. This led to a substantial reduction in total powder recovery from 75.5±1.8% 
to 30.1±1.4%. Tween-80 was capable of displacing a substantial amount or all the 
proteins (NaCas) from the droplet surface leading to no powder recovery at its 0.05% 
concentration. This surfactant displaced a substantial amount of proteins (NaCas) even 
when it was used in a trace amount (0.01%), yielding a very little powder recovery 
(33.8±1.4%). These results indicate that the powder recovery of sucrose was greatly 
influenced by the protein, low molecular weight surfactant type and their concentration 
level. 
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CHAPTER 5 
 
 
THE EFFECT OF LOW MOLECULAR WEIGHT SURFACTANTS ON                     
SPRAY DRYING OF SUGAR-RICH FOODS 
 
 
It was found that the preferential migration of proteins (driven by their surface 
active nature), combined with their film-forming property upon drying, is responsible for 
overcoming the stickiness of sugar–protein solutions (Adhikari et al., 2009a). It has been 
reported that the surfactants partly or even completely displaced the protein from the 
droplet surface, depending on the surfactant concentration and type (De Feijter, 
Benjamins, & Tamboer, 1987; Gunning et al., 2004).
 
 
However, the studies carried out in the past by other researchers involved only one 
concentration level of the two low molecular weight surfactants (sodium dodecyl 
sulphate(SDS) and Tween-80)(Adhikari et al., 2009b). Those studies were also confined 
to the equilibrium rather than the dynamic surface behaviour of sugar–protein and                                  
sugar–protein–surfactant solutions. 
 
 Therefore, it is of practical significance to investigate the effect of                                  
type and concentration of low molecular weight surfactants in the                                        
sugar–protein–surfactant solutions along with the proteins on the stickiness of                  
sugar-rich foods. This is because ionic and non-ionic surfactants are reported to displace 
the proteins from air–droplet interface by different mechanisms (Mackie et al., 1999). It is 
also important to investigate the effect of dynamic surface tension (DST), which indicates 
the time variation of surface coverage of proteins and surfactants in the sucrose–protein 
and sucrose–protein–surfactant solution droplets. This paper looks into the effect of two 
different food grade low molecular weight surfactants at different concentrations along 
with a protein on spray-drying of sugar-rich foods. The DST is used to pinpoint the time 
required for the protein, surfactants, and their mixtures to saturate the droplet surface. 
 
 Statistical analysis was performed using ANOVA. The mean values and standard 
deviation were calculated from triplicate experimental data. Differences were compared 
by Tukey test for all experiments and considered significant at p<0.05. All statistical 
analyses were performed with MINITAB 15. Powder production of sugar–protein and 
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sugar–protein–surfactant formulations and critical micelle concentration of sodium 
caseinate were carried out for 3 replicates while all other experiments performed on the 
produced powders were with 9 replicates. 
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Abstract 
 
The effect of low-molecular-weight surfactants (LMS) and sodium caseinate 
(NaCas) on spray drying of sugar-rich foods has been studied. Sucrose and NaCas were 
selected as a model sugar-rich food and protein, respectively. Sodium stearoyl lactylate 
(SSL) and Polysorbate-80 (Tween-80) were chosen as model ionic and non-ionic LMS. 
Sucrose–NaCas solutions with the solids ratio of 99.5:0.5 in the absence and presence     
(0.01% and 0.05%) of SSL and Tween-80 were prepared. The feed solutions had 25% 
solid concentration in all cases. The dynamic surface tension (DST) values of the 
solutions were measured for 100 s and the solutions were subsequently spray dried at inlet 
and outlet temperatures of 165 
o
C and 65 °C, respectively. The glass–rubber temperature 
(Tg-r), the surface elemental composition and amorphous–crystalline nature of the 
powders were also determined. At these concentrations and experimental time frame, it 
was found that the proteins preferentially migrated to the air–water interface reasonably 
swiftly. The addition of LMS resulted in partial or complete displacement of the proteins 
from the air–water interface. For spray drying trials with the yield of 82.0%, it was found 
that 52.0% of the powder particle surface was covered with proteins. The powder 
recovery was greatly reduced by the LMS concentration and type. At 0.05% on dry solid 
basis, in the case of non-ionic surfactant (Tween 80), the displacement of protein from the 
surface was such that no powder was recovered. The ionic surfactant (SSL) displaced 
2.0% and 29.3% proteins from the droplet surface at concentrations of 0.01% and 0.05%, 
respectively, resulting in 75.5±1.8% and 30.1±1.4% powder yield. The Tg-r results 
revealed that the amount of protein required for successful spray drying of the                  
sucrose–protein solution depends on the amount of proteins present in the droplet surface 
but not in the bulk. X-ray diffraction and scanning electron microscopy results confirmed 
that the powders of both sucrose–NaCas and sucrose–NaCas with 0.01% SSL were 
mostly amorphous, while those with sucrose–NaCas–Tween-80(0.01%) and                         
sucrose–NaCas–SSL (0.05%) were crystalline. 
 
Keywords: Sugar-rich foods. Stickiness. Proteins. Low-molecular-weight surfactants. 
Spray drying. 
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Introduction 
Spray drying is a well-established and widely-used method for transforming a 
wide range of liquid food products into powder form. Spray drying has many 
applications, particularly in the food, pharmaceutical, and agrochemical industries.
1–3
 
However, one prevalent problem in spray drying is the stickiness that occurs while spray 
drying sugar-rich foods such as fruit juices, honey, and fruit and vegetable extracts. The 
stickiness results in the deposition of the powder particles onto the internal dryer wall, 
ultimately leading to poor yields.
4,5
  
 
To minimize the stickiness problem, both process-based and material science-
based approaches are in place. Process-based approaches include the mechanical scraping 
of the chamber wall, the introduction of cold air at the bottom, and the use of low 
temperature/low humidity air. An example of the material science-based approach 
involves the addition of drying agents to reduce the stickiness of the powders.
6 
                  
Process-based modifications are not easy and, in many instances, economically non-
viable. For example, stickiness could be avoided by keeping the outlet temperature of air 
lower, but the production becomes economically nonviable because of low energy 
efficiency. The material science-based approach also has its own limitations. Large 
amounts of drying additives such as maltodextrins (>35%) are required to convert fruit 
juices such as blackcurrant, apricot, and raspberry into powder form.
7–9
 The addition of 
such large amounts of these carriers alters the resultant powder quality and risks 
consumer disapproval. 
 
 An alternative and novel way to minimize the stickiness problem is to modify the 
surface properties of the droplets/ particles with small amounts of proteins.
10
 It was found 
that the preferential migration of proteins (driven by their surface activity), combined 
with their film-forming property upon drying, is responsible for overcoming the stickiness 
of sugar–protein solutions.10 The effect of two low-molecular-weight surfactants (LMS), 
namely, sodium dodecyl sulphate and Polysorbate-80 (Tween-80) along with proteins on 
spray drying of sugar-rich foods was also studied.
6
 It has been reported that the 
surfactants partly or even completely displaced the protein from the droplet surface, 
depending on the surfactant concentration and type.
11
 However, the studies carried out in 
the past involved only one concentration level of both the LMS
6
 and also those studies 
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were confined to the equilibrium rather than the DST of sugar–protein and                            
sugar–protein–surfactant solutions. 
 
 Therefore, it is of practical significance to investigate the effect of LMS 
concentration in the sugar–protein–surfactant solutions along with the proteins on the 
stickiness of sugar rich foods. It is also important to investigate the effect of DST, which 
indicates the time variation of surface coverage of proteins and surfactants in the                
sucrose–protein and sucrose–protein–surfactant solution droplets. This paper looks into 
the effect of two different LMS at different concentrations along with a protein on spray 
drying of sugar-rich foods. The DST is used to pinpoint the time required for the protein, 
surfactants, and their mixtures to saturate the droplet surface. 
 
Materials and Methods 
Materials 
Sucrose with 99.5% purity (Sigma–Aldrich, Australia) was used as a model                 
sugar-rich food. Sodium caseinate (NaCas) with a protein content of 92.9% (MG 2972, 
MG Nutritionals, Australia) was used as received. Two food-grade surfactants, sodium 
stearoyl lactylate (SSL) and Tween-80 were used as model surfactants. The former 
(Grindsted® SSL P 60 Veg) was purchased from Danisco, Denmark, while the latter was 
purchased from Sigma–Aldrich, Australia. SSL is an ionic surfactant which has a lower 
molecular weight (451.6 g/mol) and a comparatively higher hydrophile–lipophile balance 
(HLB) value of 22, while Tween-80 is a nonionic surfactant which has a comparatively 
larger molecular weight (1,310 g/mol) and a lower HLB (15) value. Both the surfactants 
are suitable for oil-in-water emulsions.
12 
  
Methods 
 
Solution Preparation 
 
The sucrose–NaCas solution was prepared by heating the solution to 45±5 °C and 
gently agitating it with a magnetic stirrer. The sucrose/NaCas solid ratio was maintained 
at 99.5:0.5, while the total solid content was maintained at 25% w/w (0.13% initial bulk 
protein concentration). A previous study reported that the powder recovery was more or 
less the same when the sucrose/NaCas ratio was maintained at 99.5:0.5 and 99:1.
10 
Therefore, we restricted our experiments to the lower ratio as we intend to use this protein 
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as a ―smart drying aid‖ requiring a lower protein concentration. Both preweighed sucrose 
and NaCas were mixed thoroughly before addition of any water. Three hundred grams 
solution batches were prepared. The free moisture content of crystalline sucrose was 
taken as zero, while it was determined and compensated for NaCas. Solutions of                                   
sucrose–NaCas–SSL and sucrose–NaCas–Tween-80 were prepared by adding 0.01% and 
0.05% of each surfactant to the sucrose–NaCas solutions. The solutions were heated to 
45±5 °C to ensure that all solids were completely dissolved. The solutions so prepared 
were tested for DST and subsequently spray dried. 
 
Powder Production 
Spray drying of the prepared solutions was carried out on a bench-top spray dryer 
(Buchi B-290, Buchi, Switzerland) with a water-evaporating capacity of 1 L/h. The inlet 
and outlet temperatures were maintained at 165 and 65 °C, respectively. The air flow rate 
was maintained at 35.93 m
3
/h, while the aspiration was 100%. The powders were 
collected mainly from cyclone and lightly sweeping the chamber wall. This is an 
established method of powder collection for recovery studies.
6
 The yield was calculated 
as the ratio of the mass of solids collected to the mass in feed solution on a dry basis.  
 
Moisture 
 
The moisture content was determined by drying the powder samples in a vacuum 
oven (Thermolin Scientific, Australia) at 70 °C for 24 h.
6
 Samples were allowed to cool to 
room temperature in desiccators containing silica gel.  
 
Water Activity 
 
Water activity of powder samples was determined using a water activity meter 
(Novasina, Switzerland). The temperature was maintained at 24.5±0.5 °C.  
 
Glass–Rubber Transition Temperature (Tg-r) 
 
A thermo mechanical compression test (TMCT) instrument was used to measure 
the glass–rubber transition temperature (Tg-r, defined below) of the powders.  
 
This instrument measures the changes in particle bed compressibility at a constant 
stress     (30.59 KPa) due to softening of the powder particles, which can be linked to the 
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glass transition temperature of bulk powders. Differential scanning calorimetry (DSC) is 
usually used for the determination of the Tg of food powders. However, determination of 
the Tg of the sugar–protein system by DSC is difficult because the change in the specific 
heat capacity is small and the signal is usually masked in the thermogram.
13–15
 It is also 
reported that since the sugar–protein system is an incompatible system, the Tg of the 
system measured by DSC is usually dominated by the Tg of the sugar.
13–15
 It is proven that 
the Tg-r data obtained by TMCT corresponds to the end-point Tg values measured by 
DSC.
16 
The details regarding the structure, function and the measurement protocols are 
provided  elsewhere.
16
  
 
 
Particle Size/Particle Size Distribution 
The particle size and particle size distribution were measured using a Malvern 
Laser Diffraction Particle Size Analyzer (Mastersizer 2000). The volume mean diameter 
was selected to express the particle size as it is one of the most commonly reported 
particle sizes in spray dried powder.
10
 Particle size range is expressed as the 50%    
volume-based size. Sunflower oil was used as a dispersing medium for all the powders. 
The refractive index of the oil was between 1.461 and 1.468.
17
 The powder samples in oil 
were subjected to sonication for better dispersion of the powders.  
 
X-ray Diffraction 
X-ray diffraction (XRD) studies were carried out on a Siemens (D501) 
Diffractometer with CoKα1 radiation. An anti-scatter slit of 0.15 mm and a 1° divergence 
and receiving slits were used. Diffractograms were taken between 8 ° and 52.15 ° (2θ) at 
a rate of 1.20 °/min (2θ) and with a step size of 0.05 ° (2θ). Diffractograms of                         
sucrose–NaCas and sucrose–NaCas–surfactant powders were obtained. 
 
Electron Spectroscopy for Chemical Analysis 
The surface elemental composition of spray dried powders was estimated by 
electron spectroscopy for chemical analysis (ESCA).
10, 18
 Firstly, ESCA measurements for 
sucrose, NaCas, SSL, and Tween-80 were carried out to determine the surface 
composition of these materials. It is assumed that the surface elemental composition of 
pure materials is the same as its bulk elemental composition. Secondly, the surface 
elemental composition of all spray dried powders was determined. The samples were 
degassed for 72 h before subjecting them to ESCA. The ESCA analysis was performed 
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using an AXIS-HSi spectrometer (Kratos Analytical) with a monochromated Al Kα 
source at a power of 144 W (12 kV, 12 mA) and a standard aperture of 1±0.5 mm. The 
total pressure in the main vacuum chamber during analysis was on the order of 10
−8 
mbar. 
Spectra were recorded at an emission angle of 0 ° with respect to the surface normal  with 
corresponding depths of penetration of the order of 5–10 nm (depending on the kinetic 
energy of the respective photoelectrons). A survey spectrum was performed to identify all 
elements present (acquired at a pass energy of 320 eV) before a high-resolution C1s scan 
at 40 eV pass energy was undertaken to obtain more detailed information about the 
chemical structure. The atomic concentrations of the detected elements were calculated 
using integral peak intensities and the sensitivity factors supplied by the manufacturer. 
Peak assignments are based on the measured binding energy (BE) values (charge 
corrected with respect to the main (aliphatic hydrocarbon) peak at 285.0 eV). The data 
from the C1s high-resolution spectra were quantified using a minimization algorithm to 
determine the contributions from specific functional groups (spectral curve fitting). Five 
peak components (mixed Gaussian/ Lorentzian model functions) were used. Component 
C1 at the lowest BE was assumed to represent aliphatic hydrocarbons (―neutral‖ carbon) 
and the corresponding BE was set accordingly to 285.0 eV. A second component at a 
slightly higher BE was included to account for all C1s photoelectrons that underwent a 
secondary BE shift. Component C3 at 286.3–286.6 eV represents C–N and C–O based 
groups (e.g., amines, ethers, and alcohols), C4 at 287.9–288.2 eV accounts for all C=O, 
O–C–O, and N–C=O based groups (e.g., carbonyls, amides), and C5 at 288.9–289.3 eV 
represents O–C=O based groups (e.g., acids or esters). A detailed description of ESCA as 
a method to measure the surface composition of dairy-based food powders can be 
obtained from various sources.
6, 18
 As nitrogen is not present in sucrose and surfactants, 
the surface protein coverage can be calculated from a simple nitrogen balance.  
 
Scanning Electron Microscopy 
 
All spray dried powders and commercial sucrose, NaCas, and SSL were observed 
under a scanning electron microscope (JSM 6300 SEM). Microscopy is the only method 
that provides information of the shape of the particles.
 19 
Samples were directly deposited 
on carbon conductive tape on aluminum SEM stubs and were coated with a thin gold 
layer, using gold sputtering. 
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Dynamic Surface Tension 
DST measurements of individual sugar, protein, and surfactant solutions and the 
solutions of sugar–protein and sugar–protein–surfactant were obtained using the 
Sinterface PAT-1 tensiometer (Sinterface Technologies, Germany). Surface tension 
indicates the tendency of molecules to move preferentially to the air–droplet interface and 
it can be either dynamic or equilibrium. The equilibrium state indicates that the interface 
is saturated and no more change would take place over time, while the DST indicates how 
fast or slow the surface active molecules move to the interface. The pendant drop method 
with appropriate precaution for evaporation (droplet-in-air) and the captive bubble 
method are commonly used for studying the dynamic adsorption process.
20
 The captive 
bubble method was used where possible and the pendant drop method was used where the 
former was not stable for the solutions with surfactants. A small amount of test solution 
was kept at the cuvette while using the pendant drop method in order to minimize the 
effect due to evaporation.  
 
The instrument was calibrated with MilliQ water, ensuring that the surface tension 
of water remained in the range of 72.5–73.0 mN/m. A droplet with a surface volume of              
10 mm
3
 was generated at the tip of the needle for MilliQ water and the test solutions. The 
temperature of the droplet chamber was kept constant at 20±0.5 °C by circulating 
thermostated water from an external bath. Surface tension values were recorded for 100 s. 
All experiments were carried out in triplicate for 3 sub-samples. 
 
Results and Discussion 
DST and Extent of Protein and Surfactant Migration to the Surface  
The DST values of sucrose–NaCas with and without Tween-80 and                      
sucrose–NaCas with and without SSL are presented in Figures 1 and 2, respectively.  
 
 144 
40
45
50
55
60
65
70
75
0.0 20.0 40.0 60.0 80.0 100.0
Time(sec)
S
T
(m
N
/m
)
Suc
0.13% NaCas
Suc:NaCas(99.5:0.5)
0.01% Tween-80
Suc:NaCas( (99.5:0.5)+ 0.01% Tween-80
0.05% Tween-80
Suc:NaCas( 99.5:0.5)+ 0.05% Tween-80
 
Figure 1: Dynamic surface tension (mN/m) for the solution of sucrose–NaCas in the absence and presence of Tween-80 
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Figure 2: Dynamic surface tension (mN/m) for the solution of sucrose–NaCas in the absence and presence of SSL 
 
DST of sugar, NaCas, Tween-80, and SSL are also provided for comparison. DST 
values of 25% sucrose solution (73.61±0.28 mN/m) did not change over time as expected 
since sucrose is not surface active (Figures 1 and 2). The DST values of 0.13% NaCas 
ranged from 54.23±1.13 to 53.38±0.68 mN/m during 10 s, which agrees well with the 
previously reported value of 54 mN/m (for 0.1% NaCas) at the same time frame.
21
 When 
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NaCas was added to sucrose solutions, the DST values reduced almost to a minimum 
immediately after the start of the experiment (51.17±0.59 mN/m). This result suggests 
that sugar molecules do not seem to hinder the movement of the proteins at this level of 
protein concentration. It is also observed that there was no significant difference in 
surface tension values of NaCas and the sucrose–NaCas solutions at 100 s, confirming 
that, at this protein concentration, NaCas manages to migrate to the air–water interface 
almost instantly. This observation indicates that the protein preferentially migrates to the 
air–water interface reasonably fast. The addition of 0.01% Tween-80 into the                     
sucrose–NaCas solution further reduced the surface tension values, indicating that a 
fraction of protein molecules was displaced from the surface. This fact will further be 
discussed later in the text using surface elemental analysis of the resultant powders. It was 
interesting to note that, when the Tween-80 concentration was increased from 0.01% to 
0.05% in the sucrose–NaCas solution, the DST values decreased to its minimum within 
0.8 s (Figure 1). This outcome suggests that Tween-80 had displaced almost all the 
proteins from the surface, which is corroborated by surface elemental analysis results (see 
―The Protein Surface Coverage and Its Implication in Powder Recovery‖ section). The 
addition of 0.01% SSL into the sucrose–NaCas solution reduced the DST values from 
44.01±3.34 to 42.78±0.88 mN/m (Figure 2), while the values reduced from 40.44±0.69 to 
39.98±0.60 mN/m in the case of sucrose–NaCas with 0.05% SSL. It is interesting to note 
that the DST values of solutions with Tween-80 were higher than those with SSL. This 
suggests that, if the lowered DST values are to directly correlate to the surface occupation 
by LMS or the displacement of the proteins from the droplet surface, the SSL should have 
occupied more surface and thereby displaced more protein from the surface compared to 
that of Tween-80. However, it is not the case when powder recoveries are considered. 
This suggests that the surface activity alone cannot explain the powder recovery. Adhikari 
et al.
6
 suggested that it is the kinetics of surfactant–protein–surface interactions and the 
mechanism
22
 with which the surfactants displace the proteins from the air–water interface 
that are responsible for the different powder recoveries.  
 
Effect of Proteins and LMS in Powder Recovery 
The powder recovery of sucrose–NaCas powders with or without LMS was 
determined (Figure 3). 
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Figure 3: Recovery of sucrose–NaCas powders in the absence and presence of LMS in spray drying trials 
 
 It can be seen that there was no powder recovery in the case of sucrose (Figure 3). 
A zero powder recovery indicates that all the sucrose solids in the feed were lost as wall 
deposits. When the dryer was cooled down, the deposited sucrose crystallized and part of 
it could be recovered as wall deposits but not as normal powder. This result agrees with 
the previous studies of spraying of sucrose under similar conditions.
23
 When 0.5% of 
NaCas was added to the sucrose solution, the total recovery rose to 82.0±1.4%, while the 
cyclone recovery rose to 59.0±1.7%. The latter is an indication of a successful spray 
drying trial as 50% recovery is taken to be a benchmark for a successful spray drying.
24
 
As the commercial spray dryers are much larger in size and more efficient, much higher 
powder recoveries are expected compared to those of laboratory-scale bench-top spray 
dryers. It can also be seen from Figure 3 that the addition of 0.01% Tween-80 has led to a 
sharp reduction in powder recovery. Even the little amount of powder produced was not 
amorphous (Figure 4). 
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Figure 4: X-ray diffraction patterns of sucrose–NaCas powders in the absence and presence of LMS 
 
 When the concentration of Tween-80 was increased from 0.01% to 0.05%, no 
powder was recovered. In the case of SSL, the total recovery was 75.5±1.8% for                
sucrose–NaCas powders with 0.01% SSL and it dropped to 30.1±1.4% for solutions with 
0.05% SSL. This demonstrates that the powder recovery depends not only on the type of 
surfactant but also on the surfactant concentration. XRD patterns confirmed that the 
powder with 0.01% SSL was amorphous, while it was crystalline when it was with 0.05% 
SSL (Figure 4). Recovery of sucrose–NaCas–SSL (0.01%) powder is similar to that of 
sucrose–NaCas powder, indicating that the addition of 0.01% SSL has not affected the 
protein surface composition and hence the powder recovery. 
 
 
Effect of Moisture Content, Water Activity (aw), and Particle Size on 
Crystalline/Amorphous Nature of Spray Dried Powders 
 
The moisture content, water activity (aw), and particle size of powders are 
presented in Table 1. 
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Table 1: Physical parameters of sucrose–NaCas powders with and without LMS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               
Sample 
Parameters 
aw(24.50.5 
oC) 
 
Moisture (%) wb Particle Size d [v, 0.5] (µm) 
Sucrose: NaCas(99.5 :0.5) 
 
0.24±0.01 
3.2±0.1 
 
23.60±0.25 
Sucrose: NaCas(99.5 :0.5)+0.01% Tween- 80 
 
0.83±0.01 1.3±0.0 69.03±1.20 
Sucrose: NaCas(99.5 :0.5)+0.01% SSL 
 
0.28±0.01 4.1±0.0 28.43±0.01 
Sucrose: NaCas(99.5 :0.5)+0.05% SSL 
 
0.83±0.02 3.8±0.1 51.05±0.73 
Sucrose(commercial) 
 
0.38±0.01 0.0±0.0 885.65±15.83 
NaCas(commercial) 
 
0.32±0.01 5.0±0.0 86.66±3.52 
SSL(commercial) 
 
0.36±0.01 
3.7±0.2 
 
214.48±7.69 
 
1
4
8
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It can be seen from this table that the highest moisture content and aw are                        
4.1± 0.0% and 0.83±0.02, respectively. The high value in aw indicates that the powder is 
crystallized. The aw values of sucrose–NaCas and sucrose–NaCas–SSL (0.01%) are 
0.24±0.01 and 0.28±0.01, respectively. These values are within the range of aw values 
(≈0.2) of industrially spray dried powders.10 One of the characteristics of spray dried 
products is the low moisture content which is <5%.
25
 The moisture content of all the 
powder samples is well within the range. It can be seen from the X-ray diffractograms 
provided in Figure 4 that the powders of both sucrose–NaCas–Tween-80 (0.01%) and 
sucrose–NaCas–SSL (0.05%) were crystalline, while sucrose–NaCas and                           
sucrose–NaCas–SSL (0.01%) were amorphous. It can be seen from the scanning electron 
micrograph that the sucrose–NaCas (99.5:0.5) particles are mostly spherical (Figure 5a), 
whereas the sucrose–NaCas (99.5:0.5) + 0.05% SSL particles are hexagonal (Figure 5b).  
 
 
 
Figure 5: Scanning electron micrographs of powders of (a) sucrose–NaCas (99.5:0.5) and (b) sucrose–NaCas 
(99.5:0.5)+0.05% SSL 
 
The mean particle size of sucrose–NaCas is 23.60±0.25 μm and it is                           
28.43± 0.01 μm for sucrose–NaCas with 0.01% SSL. These results reveal that there is no 
major difference in mean particle size of both sucrose–NaCas and sucrose–NaCas with 
0.01% SSL. This leads to somewhat comparable powder yields of these two formulations. 
Both sucrose–NaCas (99.5:0.5) with 0.01% Tween-80 and sucrose–NaCas (99.5:0.5) with 
0.05% SSL showed higher mean particle sizes. The mean particle size of sucrose–NaCas 
(99.5:0.5) with 0.01% Tween-80 was 69.03±1.20 μm, whereas for sucrose–NaCas 
(99.5:0.5) with 0.05% SSL, it was 51.05±0.73 μm. Higher mean particle size correlates to 
both the highly crystalline nature of the powders and also the low powder recoveries of 
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the same. Excessively high mean particle size indicates that the powders are crystallized 
or agglomerated.  
 
The Protein Surface Coverage and Its Implication in Powder Recovery 
 
The elemental compositions of carbon, oxygen, and nitrogen at the surface of the 
sucrose–NaCas powders with or without LMS are presented in Table 2. The elemental 
compositions of sucrose, NaCas, and SSL are presented as a reference.  
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         Table 2: Surface composition of reference samples and spray dried powders of sucrose–NaCas with or without Tween 80 and SSL 
 
 
         Ex = Experimental, Th= Theoretical 
 
Sample 
Carbon (%) Oxygen (%) Nitrogen (%) 
Protein on 
surface (%) 
Ex 
(%) 
Th 
(%) 
Error 
(%) 
Ex 
(%) 
Th 
(%) 
Error 
(%) 
Ex 
(%) 
Th 
(%) 
Error 
(%) 
Sucrose 
 
53.66±2.37 52.17 1.49 46.34±2.37 47.83 1.49 0.00±0.00 0.00 0.00 
- 
 
 
 
NaCas 
 
72.57±0.42 
 
65.00 
 
7.57 
 
13.77±0.32 
 
19.00 
 
5.23 
 
12.99±0.56 
 
16.00 
 
3.01 
 
- 
 
 
SSL 
 
89.77±0.06 
 
77.42 
 
12.35 
 
14.99±0.01 
 
19.35 
 
4.36 
 
0.00±0.00 
 
0.00 
 
0.00 
 
- 
 
 
Tween-80 
 
- 71.11 - - 28.89 - - 0.00 - - 
 
Sucrose: NaCas( 99.5: 0.5) 
 
64.01±0.02 
 
- 
 
- 
28.86±0.15 
 
- 
 
- 
6.77±0.18 
 
- 
 
- 
 
52.1±0.3 
 
 
Sucrose: NaCas (99.5: 0.5) + 0.01% Tween-80 
 
 
61.39±0.09 
 
- 
 
- 
 
36.96±0.01 
 
- 
 
- 
 
1.66±0.001 
 
- 
 
- 
 
12.8±0.0 
 
Sucrose: NaCas (99.5: 0.5) + 0.01% SSL 
 
 
63.38±0.06 
 
- 
 
- 
 
29.92±0.03 
 
- 
 
- 
 
6.58±0.35 
 
- 
 
- 
 
50.1±0.6 
 
Sucrose: NaCas (99.5: 0.5) + 0.05% SSL 
 
78.30±0.03 - - 18.30±0.04 - - 2.96±0.17 - - 22.8±0.3 
1
5
1
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It can be seen that the error in measurements in pure samples is within 5% of the 
theoretical value in most of the cases (Table 2). In the absence of LMS, 52.0% of the 
surface of sucrose–NaCas particles is covered by the protein (NaCas) although the feed 
solution had only 0.13% protein in it (Table 2). It is interesting to note that the initial bulk 
composition of 0.13% NaCas was able to cover 52.0% of the surface of sucrose–NaCas 
particles. This resulted in 82.0% powder recovery (Figure 3). It is worth noting here that 
no sucrose powder was recovered in the absence of NaCas. This level of surface coverage 
has become possible due to preferential migration of proteins at the air–water interface. 
The addition of 0.01% SSL did not affect the surface coverage by proteins very much. 
The powder recoveries of both sucrose–NaCas and sucrose–NaCas with 0.01% SSL are 
comparable to each other (Figure 3). However, with the addition of 0.05% SSL, the 
recovery dropped to 30% since the surface protein coverage has reduced to less than half 
(22.8±0.3%) compared to that of sucrose–NaCas powder. This result indicates that the 
addition of 0.05% SSL has displaced 29.3% of proteins from the surface. When 0.01% 
Tween-80 was added to the sucrose–NaCas droplet, the protein surface coverage reduced 
from 52.0 % to 12.8%. This indicates that 0.01% Tween-80 was able to replace 39.3% of 
total protein on the droplet surface. At this level of displacement of protein from the 
surface, the powder recovery dropped from 82.0% to 34.0%, which is below the 
benchmark for a successful spray drying operation.
24
 With the addition of 0.05 %                 
Tween-80, the powder recovery was zero, indicating that the protein was 
displaced/dislodged from the surface to the extent that it was impossible for the residual 
surface coverage of the protein to overcome the stickiness. As we recovered no powder, 
we were unable to determine the residual surface coverage of the protein. There is a 
possibility that not all of the protein at the surface was fully dislodged. However, the 
residual coverage must have fallen below some critical value below which it was unable 
to overcome the stickiness of the sucrose droplet.  
 
Surface Glass Transition Temperature and Powder Recovery 
 
The Tg of multi-component mixtures was calculated using a mass weighted mean 
rule.
10
 The multicomponent mixture is assumed to be composed of n individual binary 
solid–water mixtures where n is the number of solid components. The moisture 
dependence of Tg for each binary solid–water mixture is determined using the                     
well-known Gordon–Taylor Eq.126 : 
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where Tg,solid–water is the glass transition temperature of a solid–water binary mixture, Xs 
and Xw, respectively, are the mass fractions of solid and water in solution, Tg,s is the Tg of 
anhydrous solid, Tg,w is the Tg of pure water, and Ks,w is a dimensionless proportionality 
constant that provides the moisture dependence of Tg. The Tg of the multi-component 
mixture is calculated as a mass weighted mean on a water free basis (Eqs. 2 and 3) 
assuming that the solids are uniformly mixed in the system: 
i
n
1i
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
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n
1i
i 

     (3) 
 
 
where Tg,mixture is the Tg of the multi-component mixture including water, Tg,i-w represents 
the Tg of binary solid–water mixtures such as sucrose–water, NaCas–water, SSL–water, 
etc., and Xi is the mass fraction of an individual solid component on a water free solid 
basis. For each binary solid–water mixture, the effect of water has been incorporated 
through the Tg relationship. The experimental Tg-r along with predicted bulk Tg and 
surface Tg of spray dried powders at various moisture contents are presented in Table 3.  
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              Table 3: Experimental Tg-r along with predicted bulk Tg values and surface Tg values of spray dried powders 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Moisture  (% wb) 
Tg-r (experimental) 
(bulk)(oC) 
Tg (predicted)                                  
(bulk) (oC) 
Tg  (predicted)                     
(surface layer) 
(oC) 
Sucrose: NaCas (99.5: 0.5) 3.19 54.30.9 39.7 83.2 
Sucrose: NaCas (99.5: 0.5) +0.01% Tween-80 1.33 Crystalline - - 
Sucrose: NaCas (99.5: 0.5) +0.01% SSL 4.08 33.92.3 33.5 33.1 
Sucrose:NaCas (99.5:0.5) +0.05% SSL 3.83 Crystalline - - 
 
1
5
4
 
 155 
Although there is a difference of 14.6 °C in Tg between the experimental bulk Tg-r 
and predicted bulk Tg for sucrose–NaCas (99.5:0.5) powder, there was not much 
difference in Tg for the powder with 0.01% SSL. It can be seen from the Table 3 that the 
predicted glass transition temperature values of the surface layer are about 40 °C higher 
than their corresponding glass transition temperature of uniform bulk composition in the 
case of sucrose–NaCas powder. It is established that, for the powder particles to be sticky, 
the operational temperature has to exceed the glass transition temperature by 20 °C.
10
 
Therefore, the particles have remained within the safe drying region for sucrose–NaCas 
powders. It is interesting to note that there was no difference between predicted bulk Tg 
and surface Tg for the powders with SSL. It strongly supports the fact that the propensity 
of proteins to preferentially segregate is almost negated by the presence of LMS. It is 
proven that the interfacial displacement kinetics of LMS such as SSL and Tween-80 is 
much greater than for the protein due to the small size of the former. It can also be seen 
that both the SSL and Tween-80 instantly saturate the surface layer. It is also interesting 
to note that, at the prevailing concentration level of sucrose in the sucrose–NaCas powder, 
the protein is unable to raise the bulk Tg of these powder samples. The experimental bulk 
Tg-r of sucrose–NaCas with 0.01% SSL was 33.9±2.3 °C. The addition of 0.01% SSL into 
sucrose–NaCas solution has reduced the bulk Tg-r of sucrose–NaCas–SSL powder, 
indicating that the low Tg of SSL is the reason for the reduction in bulk Tg-r of the              
sucrose–NaCas–SSL powder. Another interesting observation with the powder of            
sucrose–NaCas–SSL (0.01%) is that the glass transition temperature of the surface layer 
is comparable to that of the bulk value due to negation of the surface migration of 
proteins. 
 
Conclusion 
 
A sucrose solution which cannot be converted into an amorphous powder through 
spray drying due to its inherent stickiness was transformed into an amorphous powder 
with the addition of just 0.13% of NaCas (initial bulk concentration). This is an indication 
that proteins can act as very effective drying aids. The powder recovery was also greatly 
influenced by the LMS type and concentration level. SSL displaced 2.0% and 29.3% of 
proteins from the droplet surface, respectively, when its concentration was varied from 
0.01% to 0.05%. This led to a substantial reduction in total powder recovery from                   
75.5±1.8% to 30.1±1.4%. Tween-80, being a non–ionic surfactant, was capable of 
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displacing substantial amounts or all the proteins from the droplet surface leading to no 
powder recovery at its higher concentration level (0.05%). This surfactant displaced a 
substantial amount of proteins even when it was used at a trace amount (0.01%), yielding 
a very little powder recovery (33.8±1.4%). The protein displacement behaviour of 
surfactants is very useful in controlling the amount of proteins at the surface of a spray 
dried powder. In pharmaceutical formulations, the surfactants can be used to prevent the 
overexposure of active proteins at the air–water interface.  
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CHAPTER 6 
 
THE OVERALL EFFECT OF PROTEINS, SUGARS AND LOW 
MOLECULAR WEIGHT SURFACTANTS ON SPRAY-DRYING OF 
SUGAR-RICH FOODS WITH RESPECT TO DISSOLUTION 
 
Dissolution of powdered ingredients is of particular importance to manufacturers 
and consumers as a benchmark of functionality (Fang, Selomulya, & Chen, 2008). Food 
powders, when used as ingredients, must be able to provide good solubility to be useful 
and functional (Morr et al., 1985; Fang, Selomulya, & Chen, 2008; Fang, Selomulya, & 
Chen, 2010). The solubility is the final step of powder dissolution and is considered as the 
key determinant of the overall reconstitution quality. No studies are reported on the 
overall effect of proteins, sugars and low molecular weight surfactants on spray-drying of 
sugar-rich foods with regard to dissolution. The aim of this study was to investigate the 
effect of low molecular weight surfactants and proteins on spray-drying of sugar-rich 
foods with regard to solubility, powder production and characterization. 
 
Statistical analysis was performed using ANOVA. The mean values and standard 
deviation were calculated from triplicate experimental data. Differences were compared 
by Tukey test for all experiments and considered significant at p<0.05. All statistical 
analyses were performed with MINITAB 15. Powder production of sugar–protein and 
sugar–protein–surfactant formulations was carried out for 3 replicates while all other 
experiments performed on the produced powders were with 9 replicates. 
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Surface protein coverage and its implications on spray-drying of model sugar-rich 
foods: Solubility, powder production and characterisation  
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Abstract   
We have investigated the amount of protein required to produce amorphous sugar 
powders through spray-drying. Pea protein isolate was used as a model plant protein and 
sodium caseinate was used as a model dairy protein. Powder recovery in a laboratory 
spray dryer was used as a measure of the ease of spray-drying for a given formulation. 
More than 80% of amorphous sucrose and fructose was produced with the addition of 
sodium caseinate while the pea protein isolate was only able to produce recoveries of less 
than 50% of amorphous sucrose. The sensitivity of low molecular weight surfactants has 
been demonstrated using both ionic (sodium stearoyl lactylate) and non-ionic 
(polysorbate-80) surfactants. Spray-dried powders were subjected to physico-chemical 
characterization and dissolution experiments. The maximum solubility of all powders was 
obtained at 5 min of dissolution. The solubility of the sodium caseinate increased by 6-7% 
in the presence of fructose and low molecular weight surfactants. The solubility of 
amorphous powders of sucrose–pea protein isolate was found to be lower than amorphous 
powders of sucrose–sodium caseinate and fructose–sodium caseinate. The addition of 
sucrose in water increased the solubility of pea protein isolate from 16.84% to more than 
83% even in the presence of low molecular weight surfactants. The non-ionic surfactant 
(Tween-80) has reduced the solubility of sucrose–pea protein isolate–Tween-80 powders 
significantly (p<0.05) compared to those of sucrose–pea protein isolate–sodium stearoyl 
lactylate powders. The solubility of sucrose-sodium caseinate powders was comparable to 
that of pure sodium caseinate indicating that addition of sucrose into 0.13% sodium 
caseinate does not have any significant effect on the solubility. 
 
Key words: Sugar-rich foods, stickiness, sodium caseinate, low molecular weight surfactants, 
dissolution, surface protein coverage, spray-drying 
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1. INTRODUCTION 
 
Spray-drying is one of the most commonly used methods in transforming a wide 
range of liquid food products into powder form, due to common availability of 
equipment, commercially viable processing costs and good final product quality and 
stability (Favaro-Trindade, Santana, Monterrey-Quintero, Trindade, & Netto, 2010).  
Spray-drying has many applications, particularly in the food, pharmaceutical and 
agrochemical industries (Vega, Goff, & Roos, 2005; Adhikari, Howes, Shrestha, & 
Bhandari, 2007; Maa, Nguyen, & Hsu, 1998; Maa & Hsu, 1997).   
 
There are many naturally occurring products such as fruits, vegetable extracts and 
honey, which have inherently high sugar contents. These are high value products and 
there is a growing interest to convert them into powder in order to use them as ingredients 
(Bhandari, Datta, & Howes, 1997). Conversion of these sugar-rich foods into a particulate 
form is not easy through drying processes due to their low glass transition temperature 
(Tg) and strong hygroscopicity (Adhikari, Howes, Shrestha, & Bhandari, 2007). These 
materials make soft particles with a very sticky surface and hence tend to stick to the 
dryer wall and agglomerate uncontrollably. Freeze drying of these materials is generally 
not successful as they absorb moisture very rapidly when the vacuum is broken.  
 
The stickiness problem causes considerable economic loss and limits the 
application of drying techniques, such as spray-drying, for food and as well as 
pharmaceutical materials (Boonyai, Bhandari, & Howes, 2004; Maa, Nguyen, & Hsu, 
1998; Maa & Hsu, 1997). To minimise the stickiness problem, process and material                       
science-based approaches are in place. In process-based modifications, stickiness could 
be avoided by keeping the outlet temperature of air below 50 
o
C or even at ambient 
temperature. However, the powders obtained at such low outlet temperature usually have 
high residual moisture contents and water activity values which negatively impact their 
subsequent storage. The material-science based approach also has its own limitations. 
Large amounts (often >35%) of drying additives such as maltodextrins are required to 
convert fruit juices such as blackcurrant, apricot and raspberry into a powder form 
(Gabas, Telis, Sobral, & Telis-Romero, 2007; Righetto & Netto, 2005; Tonon et al., 
2009). Addition of such large amounts of these carriers alters the resultant powder quality 
and risks consumer disapproval.  
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An alternative and novel way to minimise the stickiness problem is to modify the 
surface properties of the droplets/particles with small amounts of proteins (Adhikari, 
Howes, Bhandari, & Langrish, 2009; Jayasundera, Adhikari, Adhikari, & Aldred, 2011a; 
Jayasundera, Adhikari, Adhikari, & Aldred, 2010). However, spray-drying can cause 
thermal denaturation of the proteins (Anandharamakrishnan, Rielly, & Stapley, 2008). 
The extent of protein aggregation and/or inactivation during and after spray-drying can be 
minimised by incorporating some of the low molecular weight surfactants and stabilising 
sugars (Lee, 2002). Since low molecular weight surfactants are smaller in size compared 
to proteins, the former are kinetically advantaged to occupy the surface of a droplet 
immediately after atomisation (van Aken, 2003).   
 
Although low molecular weight surfactants generally stabilise proteins, some low 
molecular weight surfactants are known to bring undesired effects on the proteins leading 
to their destabilisation. Ionic low molecular weight surfactants such as sodium dodecyl 
sulphate (SDS) have been known as effective protein denaturants (Randolph, & Jones, 
2002). In contrast, low molecular weight surfactants such as sorbitans are used as 
stabilising agents in protein formulations (Randolph, & Jones, 2002). However, non-ionic 
low molecular weight surfactants can also have an opposite effect on proteins. In the 
cases where a non-ionic surfactant destabilizes the conformation of a protein, this effect 
may compete against the solubilising effect of surfactant binding (Randolph, & Jones, 
2002). For example, in the case of hydrophobic lipase from Humicola lanuginose, Tween-
20 addition was observed to cause the formation of insoluble non-native aggregates 
(Kreilgaard, & Frokjaer, 1999).  
 
In our previous study we investigated the effect of low molecular weight 
surfactants and proteins on spray-drying of sugar rich foods and found that the presence 
of low molecular weight surfactants greatly reduces the surface coverage of proteins 
(Jayasundera, Adhikari, Adhikari, & Aldred, 2010; Jayasundera, Adhikari, Adhikari, & 
Aldred, 2011a). This means that the protein surface coverage of the droplets was 
minimised. This can potentially lead to a greater preservation of proteins as the proteins at 
the air–water interface tend to unfold (Maa, Nguyen, & Hsu, 1998; Maa & Hsu, 1997). 
However, no studies are reported on the effect of low molecular weight surfactants and 
proteins on spray-drying of sugar-rich foods with regard to dissolution. Dissolution of 
powdered ingredients is of particular importance to manufacturers and consumers as a 
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benchmark of functionality (Fang, Selomulya, & Chen, 2008). Food powders, when used 
as ingredients, must be able to provide good solubility to be useful and functional (Morr 
et al., 1985). The solubility is the final step of powder dissolution and is considered as the 
key determinant of the overall reconstitution quality.  
 
The aim of this study was to investigate the effect of low molecular weight 
surfactants and proteins on spray-drying of sugar-rich foods with regard to solubility, 
powder production and characterization. 
 
2. MATERIALS AND METHODS 
2.1 Materials 
Fructose and sucrose both with 99.5% purity were purchased from ADM, 
Australia and Sigma–Aldrich, Australia, respectively. They were used as model sugar-
rich foods. Sodium caseinate (NaCas) (MG 2972, MG Nutritionals, Australia) with a 
protein content of 92.9% (manufacturer‘s data sheet) and pea protein isolate (PPI) 
(Myopure, Australia) with a protein content of 90% (manufacturer‘s data sheet) were used 
as model proteins. Two food grade low molecular weight surfactants, sodium stearoyl 
lactylate (SSL) and Polysorbate-80 (Tween-80) were used as model surfactants. The 
former (Grindsted® SSL P 60 Veg) was purchased from Danisco, Denmark, while the 
latter was purchased from Sigma–Aldrich, Australia. SSL is an ionic surfactant which has 
a molecular weight of 451.6 g/mol and has a hydrophile-lipophile balance (HLB) value of 
22 while Tween-80 is a non-ionic surfactant with a larger molecular weight (1310 g/mol) 
and a HLB value of 15. Both the surfactants are water soluble and are suitable for                      
oil-in-water emulsions (McClements, 2005). All the above materials were used as 
received.  
 
2.2. Methods 
2.2.1. Solution Preparation 
The sugar–protein solutions were prepared by heating the solutions to 45±5 oC 
and gently agitating with a magnetic stirrer. This range of temperature is well below the 
denaturation temperature of the proteins used and has no negative effect on the solubility 
of the used samples. The sugar: protein solid mass ratios were 70:30, 99:1 and 99.5:0.5 
for fructose: NaCas, sucrose: PPI and sucrose: NaCas, respectively. This fructose: NaCas 
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ratio was used since higher sugar contents resulted in no powder or insufficient powder 
for characterisation. The total solid content of the feed solution was 25% (w/w) in all the 
cases. This translates into initial bulk protein concentration in fructose–NaCas,                 
sucrose–PPI and sucrose–NaCas solutions to be 7.89%, 0.26% and 0.13% (protein/total 
solution basis), respectively. While making solutions, both pre-weighed sugar and protein 
were dry-mixed thoroughly before addition of water. Solution batches of 300 ml were 
prepared. The inherent moisture content of both crystalline fructose and sucrose was 
taken as zero while it was determined and compensated for in the case of NaCas and PPI. 
Solutions of sugar–protein–SSL and sugar–protein–Tween-80 were prepared by adding 
0.01% and 0.05% w/w of each surfactant to the sugar-protein solutions. The solutions 
were heated to 45±5 
o
C to ensure that all solids were completely dissolved. The solutions 
so prepared were tested for dynamic surface tension and subsequently spray-dried.  
 
2.2.2. Powder Production 
Spray-drying of solutions was carried out on a bench-top spray-dryer (Buchi 
B-290, Buchi, Switzerland) with a water evaporating capacity of 2 l/h. A two-fluid 
nozzle, operated by compressed air was used to disperse the solution into fine droplets. 
The inlet and outlet temperatures were maintained at 165 
o
C and 65 
o
C, respectively. The 
air flow rate was maintained at 36 m
3
/h. The powders were collected from cyclone and 
the cylindrical part of the dryer chamber by lightly sweeping the chamber wall as 
proposed by Bhandari, Datta, & Howes, (1997). The yield was calculated as the ratio of 
the mass of solids collected after spray-drying to the mass of solids in the feed solutions.  
 
2.2.3. Dissolution kinetics of spray-dried powders 
Dissolution kinetics was carried out by adding 2 g of spray-dried sucrose–PPI, 
sucrose–PPI–Tween-80 (0.05%) and sucrose–PPI–SSL (0.05%) powder samples 
individually to 50 ml of MilliQ water at 26 
o
C (Favaro-Trindade, Santana,                      
Monterrey-Quintero, Trindade, & Netto, 2010). The mixtures were mechanically stirred 
using a magnetic stirrer at 892 rpm for different time intervals (1, 3, 5, 10, 30 and 60 
min). The dissolution kinetics was carried out on PPI based sugar powders as PPI has a 
lower solubility than NaCas to determine the effect of sugar on the solubility of protein 
(Jayasundera, Adhikari, Adhikari, & Aldred, 2011a). Pure protein samples were also 
subjected to dissolution kinetics for comparison. Digital images were recorded using a 
CCD camera (Sony, SSC-M370CE, Sony Company, Japan) magnified by a 
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stereomicroscope (Stemi 2000, Carl Zeiss Jena GMbH, Germany) at different time 
intervals until complete dissolution was obtained.  
 
2.2.4. Effect of sugar on protein solubility of reconstituted powders 
In the food industry, solubility is used as the rate of dissolution to describe various 
combinations of powder reconstitution properties (Fang, Selomulya, & Chen, 2008). The 
powder samples solubilised at different time intervals (in Section 2.2.3) were subjected to 
centrifugation at 4000 rpm (2630 g) for 10 min at 26 
o
C. The amount of soluble protein in 
the supernatant was measured by the Kjeldahl method (AOAC, 1990).  The amount of 
total protein in the powder samples was also estimated (AOAC, 1990). The percent 
solubility is defined as the amount of protein in the supernatant to the total amount of 
protein in the powder sample and expressed as a percentage (Vojdani, 1996). The time at 
which no further dissolution occurred was recorded as the dissolution time and all other 
powder samples were dissolved for that time and were subjected to solubility testing.  
 
2.2.5. Moisture  
The moisture content was determined by drying the powder samples in a vacuum 
oven (Thermoline Scientific, Australia) at 70 
o
C for 24 h (AOAC, 2000). The samples 
were removed from the oven, cooled in a desiccator and weighed. The drying and 
weighing processes were repeated until constant weights were obtained.  
 
2.2.6. Water Activity 
Water activity (aw) of powder samples was determined using a pre-calibrated 
water activity meter (Novasina, Switzerland). The temperature was maintained at 
24.50.5 oC. 
 
2.2.7. Glass Transition Temperature (Tg)  
The glass transition temperature of all powders was measured using a thermo-
mechanical compression test (TMCT) (Boonyai, 2005). Differential scanning calorimetry 
(DSC) was used on representative samples to compare the results obtained through the 
TMCT method.  
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TMCT measures the changes in particle bed compressibility at a constant stress 
(30.6 kPa) due to softening of the powder particles, which can be linked to the glass 
transition temperature of bulk powders. DSC is commonly used for the determination of 
Tg of food powders (Kalichevsky, Blanchard, & Tokarczuk, 1993; Sandoval, Alejandro, 
Müller, Valle, & Lourdin, 2009). However, determination of Tg of sugar–protein system 
using DSC is difficult due to the fact that the change in the specific heat capacity is small 
and the signal is usually masked in the thermogram (Jayasundera, Adhikari, Adhikari, & 
Aldred, 2010). It is also reported that since sugar–protein is an incompatible system, the 
Tg of the system measured by DSC is usually dominated by the Tg of the sugar 
(Kalichevsky, Blanchard, & Tokarczuk, 1993). It has been shown that the Tg data 
obtained by TMCT corresponds to the end-point Tg values measured by DSC (Boonyai, 
2005). Details of the TMCT measurement protocols are provided elsewhere (Boonyai, 
2005; Shrestha, Ua-arak, Adhikari, Howes, & Bhandari, 2007). 
 
The DSC analysis was carried out over a temperature range of -20°C to 180 °C 
using a Mettler DSC-028 instrument (Mettler Toledo, USA).  The experiments were 
carried out at a heating rate of 10°C /min under nitrogen.  Sample weights ranged 
between 10-15 mg and were conditioned at room temperature prior to analysis (Roos & 
Karel, 1991). 
 
2.2.8. Particle Size/Particle Size Distribution 
 The particle size and size distribution were measured using a Malvern Laser 
Diffraction Particle Size Analyser (Mastersizer 2000). The volume mean diameter was 
selected to express the particle size as it is one of the most commonly reported particle 
sizes in spray-dried powders (Adhikari, Howes, Bhandari, & Langrish, 2009). Particle 
size range is expressed as the 50% volume-based size. Sunflower oil was used as a 
dispersing medium for all the powders. The refractive index of the oil was between 1.461 
and 1.468 (O‘Brien, 2009). The powder samples in oil were subjected to sonication for              
1 min for better dispersion of the powders.   
 
2.2.9. X-ray Diffraction (XRD)  
 XRD studies were carried out on a Siemens (D501) Diffractometer with CoKα1 
radiation. An anti-scatter slit of 0.15 mm and 1
o 
divergence and receiving slits were used. 
Diffractograms were taken between 8 and 52.15 
o
 (2θ) at a rate of 1.20 o/min (2θ) and 
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with a step size of 0.05 
o
 (2θ). Diffractograms of fructose–NaCas, sucrose–NaCas, 
sucrose–PPI, fructose–NaCas–surfactant, sucrose–NaCas–surfactant and sucrose–PPI–
surfactant powders were obtained. 
 
2.2.10. Electron Spectroscopy for Chemical Analysis (ESCA) 
Surface elemental composition of spray-dried powders was estimated by electron 
spectroscopy for chemical analysis (ESCA) (Fäldt, Bergenståhl, & Carlsson, 1993). 
Firstly, ESCA measurements for fructose, sucrose, NaCas, PPI, SSL and Tween-80 were 
carried out to determine the surface composition of these materials. It is assumed that 
surface elemental composition of pure materials is the same as its bulk elemental 
composition. Secondly, the surface elemental composition of all spray-dried powders was 
determined. The samples were degassed for 72 h before subjecting them to ESCA. The 
ESCA analysis was performed using an AXIS-HSi spectrometer (Kratos Analytical) with 
a monochromatic Al Kα source at a power of 144 W (12 kV, 12 mA), and a standard 
aperture of 1 mm x 0.5 mm. The total pressure in the main vacuum chamber during 
analysis was of the order of 10
-8
 mbar. Spectra were recorded at an emission angle of 0° 
with respect to the surface normal with corresponding depths of penetration of the order 
of 5–10 nm (depending on the kinetic energy of the respective photoelectrons). A survey 
spectrum was performed to identify all elements present (acquired at a pass energy of                  
320 eV), before a high resolution C1s scan at 40 eV pass energy was undertaken to obtain 
more detailed information about the chemical structure. The atomic concentrations of the 
detected elements were calculated using integral peak intensities and the sensitivity 
factors supplied by the manufacturer. Peak assignments are based on the measured 
binding energy values (charge-corrected with respect to the main (aliphatic hydrocarbon) 
peak at 285.0 eV). The data from the C1s high resolution spectra was quantified using a 
minimisation algorithm to determine the contributions from specific functional groups 
(spectral curve fitting). Five peak components (mixed Gaussian/Lorentzian model 
functions) were used. Component C1 at the lowest binding energy (BE) was assumed to 
represent aliphatic hydrocarbons (―neutral‖ carbon) and the corresponding BE was set 
accordingly to 285.0 eV. A second component at a slightly higher BE was included to 
account for all C1s photoelectrons that underwent a secondary BE shift. Component C3 at 
286.3–286.6 eV represents C–N and C–O based groups (e.g., amines, ethers, and 
alcohols), C4 at 287.9–288.2 eV accounts for all C=O, O–C–O and N–C=O based groups 
(e.g., carbonyls, amides), and C5 at 288.9-289.3 eV represents O–C=O based groups    
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(e.g., acids or esters). A detailed description of ESCA as a method to measure the surface 
composition of dairy based food powders can be obtained from various sources (Adhikari, 
Howes, Wood, & Bhandari, 2009; Fäldt, Bergenståhl, & Carlsson, 1993). As nitrogen is 
not present in sucrose, fructose and the low molecular weight surfactants, the surface 
protein coverage can be calculated from a simple nitrogen balance. 
 
2.2.11. Scanning Electron Microscopy (SEM)  
All spray-dried powders were observed under a scanning electron microscope 
(JSM 6300 SEM). Samples were directly deposited on carbon conductive tape on 
aluminium SEM stubs and were coated with a thin gold layer, using gold sputtering. 
 
2.2.12. Dynamic Surface Tension (DST) 
DST measurements of individual sugar, protein and surfactant solutions and the 
sugar–protein and sugar–protein–surfactant solutions were obtained using the Sinterface 
PAT-1 tensiometer (Sinterface Technologies, Germany). The equilibrium state indicates 
that the interface is saturated by surface active compounds (either low molecular weight 
surfactants, protein or both) and no more change would take place over time while the 
dynamic surface tension indicates how rapidly any surface active molecules move to the 
interface. The pendant drop method (droplet-in-air) with appropriate precaution for 
evaporation and the captive bubble (bubble-in-solution) method are commonly used for 
studying the dynamic adsorption process over time scales ranging from 1 s to many hours 
(Miller, Sedev, Schano, Ng, & Neumann, 1993). In this study, the captive bubble method 
was used where possible and pendant drop method was used where the captive bubbles 
were unstable, especially with surfactants. A small amount of test solution was kept at the 
bottom of the cuvette while using the pendant drop method in order to reduce the effect 
due to evaporation.  
 
The instrument was calibrated with MilliQ water and absolute ethanol ensuring 
that the surface tension of water and ethanol remained in the range of 72.5–73.0 mN/m 
and 22.0 mN/m, respectively (Jayasundera, Adhikari, Adhikari, & Aldred, 2011a). A 
droplet with a volume of 10 mm
3
 was generated at the tip of the needle for MilliQ water, 
ethanol and the test solutions. The temperature of the test chamber was kept constant at 
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200.5 oC by circulating water from an external bath. Surface tension values were 
recorded for 50 s. All experiments were carried out in triplicate for 3 sub-samples. 
 
2.3. Statistical analysis  
                Statistical analysis was performed using ANOVA. The mean values and 
standard deviation were calculated from triplicate experimental data. Differences were 
compared using the Tukey test for all experiments and considered significant at p<0.05. 
All statistical analyses were performed with MINITAB 15.   
 
3. RESULTS AND DISCUSSION 
3.1. Powder recovery   
The recovery of fructose–NaCas, sucrose–NaCas powders and sucrose–PPI with 
or without low molecular weight surfactants is presented in Figures 1a, 1b and 1c, 
respectively. A zero powder recovery indicates that all the solids in the feed were lost as 
wall deposits. These were only observed in the case of pure fructose and sucrose upon 
spray-drying, which agrees with the previous studies on spray-drying of sugar-rich foods 
(fructose, sucrose and glucose) under similar conditions (Papadakis, Gardeli, &                      
Tzia, 2006).  
 
0
10
20
30
40
50
60
70
80
90
Fructose Fructose:Na-
Cas(70:30)
w/o Surfactant
Fructose:Na-
Cas(70:30)
with 0.01
% Tween-80
Fructose:Na-
Cas(70:30)
with 0.05
% Tween-80
Fructose:Na-
Cas(70:30)
with 0.01
% SSL
Fructose:Na-
Cas(70:30)
with 0.05
% SSL
P
o
w
d
e
r
 R
e
c
o
v
e
r
y
 (
%
)
Cyclone
Sweep
Total
 
(a) 
 171 
 
0
10
20
30
40
50
60
70
80
90
Sucrose Sucrose: Na-
Cas(99.5: 0.5)
w/o Surfactant
Sucrose: Na-
Cas(99.5: 0.5)
with 0.01
% Tween-80
Sucrose: Na-
Cas(99.5: 0.5)
with 0.05
% Tween-80
Sucrose:
NaCas(99.5:
0.5) with
0.01% SSL
Sucrose:
NaCas(99.5:
0.5) with
0.05% SSL
P
o
w
d
er
 R
ec
o
v
er
y
 (
%
)
Cyclone
Sweep
Total
 
0
10
20
30
40
50
60
Sucrose Sucrose:
PPI(99:1) w/o
Surfactant
Sucrose:
PPI(99:1) with
0.01 % Tween-
80
Sucrose:
PPI(99:1) with
0.05 % Tween-
80
Sucrose:
PPI(99.:1) with
0.01% SSL
Sucrose:
PPI(99:1) with
0.05% SSL
P
o
w
d
e
r
 R
e
c
o
v
e
r
y
 (
%
) Cyclone
Sweep
Total
 
 
Figure 1: (a) Recovery of fructose–NaCas powders in the absence and presence of low molecular weight surfactants in 
spray-drying trials, (b) Recovery of sucrose–NaCas powders in the absence and presence of low molecular weight 
surfactants in spray-drying trials and (c) Recovery of sucrose–PPI powders in the absence and presence of low 
molecular weight surfactants in spray-drying trials.  
(b) 
(c) 
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When 30% fructose was replaced by NaCas (Figure 1a) the total recovery rose to 
81.5±2.0%, which was comparable to the total recovery of sucrose–NaCas (82.0±1.4%). 
However, this amount of sucrose–NaCas powder was obtained by substituting 0.5% of 
the sugar with NaCas (Figure 1b). The reason for this difference in the extents of NaCas 
requirement for successfully spray-drying is due to the lower Tg of fructose (16 
o
C) 
compared to that of sucrose (65 
o
C) (Truong, Bhandari, Howes, & Adhikari, 2004). In 
laboratory and pilot scale spray-drying operations, a total powder recovery of 50% is 
often taken to be the bench mark for a marginally successful spray-drying (Bhandari, 
Datta, & Howes, 1997). The greatly enhanced powder recovery indicates that NaCas 
preferentially migrates to the air–water interface of sugar solutions and forms a                     
protein-rich film. This film is converted into a glassy skin when it is subjected to hot and 
dry air. The resultant skin is capable of overcoming agglomeration as well as sticky 
interactions of the particles at the drying chamber of the spray-dryer (Adhikari, Howes, 
Shrestha, & Bhandari, 2007). However, when 1% of the sucrose was replaced by PPI 
(Figure 1c) the total recovery rose only to 47.7±1.3%, which is below the benchmark 
value reported for successful spray-drying trials. This result indicates that PPI is not as 
effective as NaCas as a smart drying aid. The reason for this is likely to be due to the low 
solubility of PPI (Jayasundera, Adhikari, Adhikari, & Aldred, 2011a). PPI is still much 
more effective compared to maltodextrin as a drying aid as 40–60% of the latter is 
required to achieve a similar level of powder recovery of sucrose solutions (Troung, 
Bhandari, & Howes, 2005). 
 
Addition of 0.01% Tween-80 to the fructose–NaCas solution did not reduce the 
total powder recovery. However, there was a slight reduction in total recovery when the 
Tween-80 concentration was increased from 0.01% to 0.05% (Figure 1a). In the case of 
the sucrose–protein systems, however, it can be seen from Figure 1b that addition of 
0.01% Tween-80 to a sucrose–NaCas solution leads to a sharp reduction in total powder 
recovery. When the concentration of the Tween-80 was increased from 0.01% to 0.05%, 
no powder was recovered in the case of sucrose–NaCas solutions (Figure 1b). Addition of 
0.01% Tween-80 to the sucrose–PPI solution reduced the total powder recovery to almost 
half (24.9±0.4%) compared to that of sucrose–PPI solution. The total recoveries of 
powders of fructose–NaCas with 0.01% SSL and 0.05% SSL were of the order of 80%, 
with no significant reduction in recovery. Addition of SSL to fructose solution has not 
affected the total recovery. A comparable total powder recovery (75.5±1.8%) was 
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observed for sucrose–NaCas–SSL (0.01%). However, the recovery dropped to 30.1±1.4% 
for powders with 0.05% SSL. The reason for the drop in total powder recovery in this 
sucrose–protein system is due to the fact that when the SSL concentration is increased, 
more of SSL occupies the surface. Total recovery of sucrose–NaCas–SSL (0.01%) 
powder is similar to that of sucrose–NaCas powder indicating that the addition of 0.01% 
SSL has not affected the protein surface composition and hence the powder recovery. The 
total recoveries of powders of sucrose–PPI with 0.01% SSL and 0.05% SSL were 
33.3±1.0% and 26.4±1.4%, respectively. All of these results demonstrate that the powder 
recovery depends on the type of sugar, type of protein, the type of surfactant as well as on 
the surfactant concentration. It is interesting to note that the low molecular weight 
surfactants had almost no effect on powder recovery of fructose–protein samples, but had 
a significant impact on the recovery of sucrose–protein samples. The overwhelming 
presence of protein (7.89%) in fructose powders would have saturated the surface layer of 
those powders thereby leaving no access for low molecular weight surfactants to push 
even a small fraction of proteins to the bulk. 
 
3.2. Dissolution and solubility of spray-dried powders 
 Dissolution kinetics of spray-dried powders of sucrose–PPI,                         
sucrose–PPI–Tween-80 (0.05%), sucrose–PPI–SSL (0.05%) and pure proteins is shown 
in Figure 2. It can be seen from this figure that all spray-dried powders and pure proteins 
reached their maximum solubility within 5 min. Digital images of dissolution of                      
spray-dried powders of fructose–NaCas, sucrose–NaCas, sucrose–PPI,                               
sucrose–PPI–Tween-80 (0.05%), sucrose-PPI-SSL (0.05%) and pure proteins are 
presented in Figure 3. Solubilities of all spray-dried powders and pure proteins at                            
5 minutes of dissolution are tabulated in Table 1.  
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Figure 2: Dissolution kinetics of pure proteins and spray-dried sucrose–PPI with and without low molecular weight 
surfactants 
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Figure 3: Digital images of (a) fructose–NaCas, (b) sucrose–NaCas, (c) sucrose–PPI, (d) sucrose–PPI–Tween-80                
(0.05 %), (e) sucrose–-PPI–SSL (0.05%), (f) PPI, (g) 7.89% NaCas and (h) 0.13% NaCas 
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 Table 1: Solubilities of spray-dried powders at 5 minutes 
 
Sample 
 
Solubility (%) 
Fructose: NaCas(70:30)  
 
97.03±1.04 
Fructose: NaCas(70:30)+0.01% Tween-80  
 
98.89±0.40 
Fructose: NaCas(70:30)+0.05% Tween-80  
 
98.69±0.52 
Fructose: NaCas(70:30)+0.01% SSL 
 
98.47±0.28 
Fructose: NaCas(70:30)+0.05% SSL  
 
97.18±0.93 
Sucrose:NaCas (99.5: 0.5)  
 
90.87±0.03 
Sucrose:NaCas (99.5: 0.5)+0.01% Tween-80   90.94±0.02 
 
Sucrose:NaCas (99.5: 0.5)+0.01% SSL  
 
90.87±0.14 
Sucrose:NaCas (99.5:0.5)+0.05% SSL 
 
90.95±0.02 
Sucrose:PPI(99:1) 
 
87.05±0.05 
Sucrose:PPI(99:1)+0.01% Tween-80 
 
84.00±0.70 
Sucrose:PPI(99:1)+0.05% Tween-80 
 
83.38±0.01 
Sucrose:PPI(99:1)+0.01% SSL 
 
86.92±0.24 
Sucrose:PPI(99:1)+0.05% SSL 
 
87.02±0.17 
NaCas(7.89%) 91.55±1.63 
NaCas(0.13%) 
 
90.45±0.00 
PPI (0.26%) 
 
16.84±0.00 
 
The highest solubilities were observed for powders of fructose with NaCas while 
the lowest solubilities were observed for powders with PPI. Solubility remained the 
lowest (16.84±0.00%) in the case of pure PPI. However, the presence of sucrose with PPI 
raised the solubility of the latter to more than 83% irrespective of the low molecular 
weight surfactant present in sucrose–PPI system. Both sucrose–PPI–Tween-80 (0.01%) 
and sucrose–PPI–Tween-80 (0.05%) showed lower solubility (p<0.05) compared to those 
of sucrose–PPI and sucrose–PPI with SSL. Tween-80 being a non-ionic surfactant is 
expected to increase the protein stability (Randolph, & Jones, 2002). However, the same 
authors reported that a non-ionic low molecular weight surfactant can also have an 
opposite effect on protein. The solubility of fructose powders was more than 95%. There 
was no significant difference in solubilities among fructose–NaCas powders (p>0.05). 
The reason for high solubility may be due to the amorphous nature of powders. The low 
aw values and comparatively higher moisture contents (due to higher water-holding 
capacity of proteins) of the fructose-protein powders also positively contribute to the 
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better solubility (Haque, Bhandari, Gidley, Deeth, Moller, & Whittaker, 2010; Quek, 
Chok, & Swedlund, 2007). It is reported that sugars stabilise proteins during 
lyophilisation and during subsequent storage in the dried solid. However, it has been 
reported that the crystallisation of a sugar from an amorphous state can significantly 
reduce protein stability (Kreilgaard, & Frokjaer, 1999). It had been shown that proteins at 
an adequately high protein:sugar mass ratio, are able to suppress crystallisation of sugars 
from the dry solid (Kreilgaard, & Frokjaer, 1999). In the case of fructose powders, the 
protein: sugar mass ratio was 30:70 which was comparatively higher than those of 
sucrose-NaCas and sucrose–PPI powders. Haque, Bhandari, Gidley, Deeth, Moller, & 
Whittaker (2010) stated that the protein denaturation was aggravated by high aw values 
and this had a negative impact on the solubility. Quek, Chok, & Swedlund, (2007) 
observed that there was a positive relationship between dissolution and moisture content 
of spray-dried water melon powders. The solubility of sucrose-sodium caseinate powders 
was comparable to that of pure sodium caseinate indicating that addition of sucrose into 
0.13% sodium caseinate does not have any significant effect on the solubility. 
 
3.3. Crystalline/amorphous nature of spray-dried powders  
The aw values of all powders of fructose, sucrose–NaCas, sucrose–NaCas–SSL 
(0.01%), sucrose–PPI and sucrose–PPI–SSL (0.01%) are within the range of aw values                  
( 0.2) of industrially spray-dried powders (Adhikari, Howes, Bhandari, Langrish, 2009). 
The highest water activity values were obtained for sucrose–NaCas–Tween-80 (0.01%), 
sucrose–NaCas–SSL (0.05%), sucrose–PPI–Tween-80 (0.01%), sucrose–PPI–Tween-80 
(0.05%) and sucrose-PPI-SSL (0.05%) (Table 2). High water activity value indicates the 
presence of a high proportion of (expelled) free water and that the powder is crystallised.  
One of the characteristics of spray-dried products is the low moisture content which is 
generally less than 5% (Masters, 1991). The moisture content of all the powder samples is 
well within this range except for fructose–NaCas–Tween-80 (0.05%) (6.41±0.02%). The 
moisture content of all fructose-protein powders was higher than those of sucrose–protein 
powders due to higher protein content in the former as proteins have greater                            
water-holding capacity in their amorphous state (Ronkart et al., 2006).
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Table 2: Physical parameters of sugar–protein powders with and without low molecular weight surfactants 
Sample 
Parameters 
aw      (24.50.5 
oC) Moisture (%)  Particle Size d  [v, 0.5] (µm) Tg   (bulk)(
oC) 
Fructose: NaCas(70:30) 0.13±0.003 4.01±0.12 26.54±0.73 53.43±1.18(55.77±1.2) 
Fructose: NaCas(70:30)+0.01% Tween- 80 0.14±0.008 4.67±0.01 32.9±3.27 42.05±1.06(42.29±0.9) 
Fructose: NaCas(70:30)+0.05% Tween- 80 0.14±0.004 6.41±0.02 101.23±2.95 36.1±0.73(42.54±2.3) 
Fructose: NaCas(70:30)+0.01% SSL 0.11±0.007 4.68±0.00 30.94±1.09 39.4±0.96(40.53±1.4) 
Fructose: NaCas(70:30)+0.05% SSL 0.12±0.005 4.50±0.03 26.45±0.90 34.4±0.45(41.52±2.1) 
Sucrose: NaCas(99.5 :0.5) 0.24±0.01 3.19±0.1 23.60±0.25 54.3±0.9 (58.1±1.2) 
Sucrose: NaCas(99.5 :0.5)+0.01% Tween- 80 0.83±0.01 3.33±0.0 69.03±1.20 Crystalline 
Sucrose: NaCas(99.5 :0.5)+0.01% SSL 0.28±0.01 3.19±0.1 28.43±0.01 43.9±2.3 (42.4±1.3) 
Sucrose: NaCas(99.5 :0.5)+0.05% SSL 0.83±0.02 3.83±0.1 51.05±0.73 Crystalline 
Sucrose:PPI(99:1) 0.17±0.01 2.61±0.02 17.16±0.23 54.2±1.5 (53.2±1.2) 
Sucrose:PPI(99:1)+0.01%Tween-80 0.84±0.00 3.72±0.05 550.07±46.69 Crystalline 
Sucrose:PPI(99:1)+0.05%Tween-80 0.73±0.00 3.36±0.03 47.00±1.03 Crystalline 
Sucrose:PPI(99:1)+0.01% SSL 0.23±0.00 3.54±0.02 41.48±0.34 43.7±1.1 (45.6±1.3) 
Sucrose:PPI(99:1)+0.05% SSL 0.83±0.00 3.52±0.02                      609.8±8.80 Crystalline 
Fructose(commercial) 0.28±0.01 0.00±0.00 399.82±23.82 - 
Sucrose(commercial) 0.38±0.01 0.0±0.0 885.65±15.83 - 
NaCas(commercial) 0.32±0.01 5.0±0.0 86.66±3.52 - 
PPI(commercial) 0.32±0.00 3.95±0.04 30.14±0.49 - 
SSL(commercial) 0.36±0.01 3.72±0.2 214.48±7.69 - 
All values are means of 9 replicates of 3 sub-samples with Standard deviation 
Bulk Tg values in parentheses were obtained from DSC. 
Moistures are calculated using a wet basis. 
1
7
8
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 It can be seen from x-ray diffractograms in Figures 4a, 4b and 4c that all powders 
involving fructose, the powders of sucrose–NaCas, sucrose–NaCas–SSL (0.01%),  
sucrose–PPI and sucrose–PPI–SSL (0.01%) were amorphous while                                      
sucrose–NaCas–Tween-80 (0.01%), sucrose–NaCas–SSL (0.05%),                                         
sucrose–PPI–Tween-80 (0.01%), sucrose–PPI–Tween-80 (0.05%) and sucrose–PPI–SSL 
(0.05%) were crystalline. The amorphous nature of the powders is due to very rapid 
evaporation of water and very rapid particle formation process as indicated by the low aw 
values of the resultant powders. The scanning electron micrographs showed that the 
fructose–NaCas (70:30), fructose-NaCas–SSL (0.05%), sucrose–NaCas (99.5:0.5) and 
sucrose–PPI (99:1) particles are mostly spherical (Figures 5a, 5b, 5c and 5e) whereas the                                      
sucrose–NaCas–SSL (0.05%) and sucrose–PPI–SSL (0.05%) particles are hexagonal 
(Figures 5d and 5f). The morphology of these particles apparently gives a good indication 
of the amorphous and crystalline nature of the powders, spherical particles being 
associated with amorphous solids and hexagonal particles containing crystalline material 
(Ando, Ito, Ozeki, Nakayama, & Nabeshima, 2007; Mantovani, 1991).  
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Figure 4: (a) X-ray diffraction patterns of fructose–NaCas powders in the absence and presence of low molecular 
weight surfactants, (b) X-ray diffraction patterns of sucrose–NaCas powders in the absence and presence of low 
molecular weight surfactants and (c) X-ray diffraction patterns of sucrose–PPI powders in the absence and presence of 
low molecular weight surfactants 
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Figure 5: Scanning electron micrographs of powders of (a) fructose–NaCas(70:30), (b) fructose–NaCas(70:30)+0.05% 
SSL, (c) sucrose–NaCas (99.5:0.5), (d) sucrose–NaCas (99.5:0.5)+0.05% SSL, (e) sucrose–PPI(99:1) and                              
(f) sucrose–PPI(99:1)+0.05% SSL 
 
The mean particle size of all fructose powders except for                                              
fructose–NaCas–Tween-80 (0.05%) ranged from 26.45±0.90 µm to 32.9±3.27 µm while 
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the particle size of fructose–NaCas–Tween-80 (0.05%) was 101.23±2.95 µm (Table 2). 
Addition of just 0.05% Tween-80 into fructose–NaCas solution has increased the mean 
particle size of fructose–NaCas–Tween-80 (0.05%) powder to four times more than that 
of the fructose-NaCas. This gain in particle size indicates that fructose–NaCas–Tween 
(0.05%) powder is agglomerated. The mean particle size of sucrose–NaCas is                                  
23.60±0.25 µm and it is 28.43 ±0.01 µm for sucrose–NaCas with 0.01% SSL. These 
results reveal that there is no major difference in mean particle size of both                            
sucrose–NaCas and sucrose–NaCas with 0.01% SSL. This is consistent with the 
comparable powder yields of these two formulations. Sucrose–NaCas–Tween-80 (0.01%) 
and sucrose–NaCas–SSL (0.05%) showed higher mean particle sizes than those of 
sucrose–NaCas and sucrose–NaCas-SSL (0.01%). The mean particle size of                       
sucrose–NaCas–Tween-80 (0.01%) was 69.031.20 µm whereas it was 51.050.73 µm in 
the case of sucrose–NaCas–SSL (0.05%). However, the mean particle size of sucrose–PPI 
is less than that of the sucrose–PPI–SSL (0.01%) indicating that the greater powder 
recovery in the case of the former is not due to better collection of bigger particles. 
Addition of just 0.01% Tween-80 to the sucrose–PPI solution has increased the mean 
particle size of sucrose–PPI–Tween-80 (0.01%) powder to thirty times more than that of 
the sucrose–PPI. This increase in particle size may be due to two reasons. Firstly, two or 
more sticky droplets might have coalesced immediately after atomisation and resulted in a 
larger particle upon subsequent drying. Secondly, this can also be due to agglomeration of 
crystalline particles. Although we have sonicated the powder samples during particle size 
measurement, it may not be possible to fully break all the agglomerates. With the addition 
of 0.05% Tween-80 the particle size reduced to 47.001.03 µm. However, this powder 
was crystalline as indicated by its very high (0.73±0.00) water activity value 
(Jayasundera, Adhikari, Adhikari, & Aldred, 2011b). The mean particle size of                     
sucrose–PPI–SSL (0.05%) powder was higher than that of sucrose–PPI–SSL (0.01%) 
indicating that the former was agglomerated. 
 
At prevailing concentrations of protein in sucrose-protein powders, the presence 
of protein does not increase the bulk Tg of the powders. However, fructose–protein 
powders had high Tg values due to overwhelming presence of protein even though the 
moisture content of these powders were higher than those of sucrose-protein powders. 
The Tg values obtained from DSC are comparable to those of TMCT. It was also 
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observed that addition of SSL has reduced the bulk Tg of sugar–protein powders 
indicating that low Tg of SSL is the reason for reduction in bulk Tg of the powders (Table 
2).  
 
3.4. Protein surface coverage and its relationship with powder recovery 
The elemental compositions of carbon, oxygen and nitrogen at the surface of the 
fructose–NaCas, sucrose–NaCas and sucrose–PPI powders with or without low molecular 
weight surfactants are presented in Table 3. The elemental compositions of sucrose, 
fructose, NaCas, PPI and SSL are given as a reference. It can be seen that the error in 
measurements in pure samples is within 5% in most of the cases (Table 3). Addition of 
7.89% NaCas has led to a protein coverage of 89% of the surface of fructose–NaCas 
particles, thereby producing a powder recovery comparable to that of sucrose–NaCas. A 
similar result was observed with powders of fructose-NaCas-SSL (0.01%) and                     
fructose–NaCas–SSL (0.05%)  indicating that no further protein displacement from the 
surface was observed with an increase of SSL concentration from 0.01% to 0.05% (Table 
3 and Figure 1a). ESCA of fructose powders showed that the surface composition of 
proteins is much higher than their bulk concentrations. Increasing the concentration of 
protein (7.89%) caused the surface coverage to increase. A similar observation was 
reported by Wang & Langrish (2010). It was observed that when 0.01% and 0.05% 
Tween-80 were added to fructose–NaCas droplets the surface protein coverage was            
84.8% and 79.6%, respectively. All fructose powders showed comparable surface 
coverage (≥ 80%) yielding comparable total powder recoveries (Figure 1a).  
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Table 3: Surface composition of reference samples and spray-dried powders of sugar–protein with and without Tween-80 and SSL 
 
Sample 
Carbon (%) Oxygen (%) Nitrogen (%) Protein 
on 
surface 
(%) 
Ex Th Error Ex Th Error Ex Th Error 
(%) (%) (%) (%) (%) (%) (%) (%) (%) 
Fructose 54.05±0.95 50 4.05 45.95±0.65 50 4.05 0.00±0.00 0 0 - 
Sucrose 53.66±2.37 52.17 1.49 46.34±2.37 47.83 1.49 0.00±0.00 0 0 - 
NaCas 72.57±0.42 65 7.57 13.77±0.32 19 5.23 12.99±0.56 16 3.01 - 
PPI 77.0±0.01 - - 13.9±0.00 - - 8.2±0.00 13.2 5 - 
SSL 89.77±0.061 77.42 12.35 14.99±0.002 19.35 4.36 0.00±0.00 0 0 - 
Tween-80 - 71.11 - - 28.89 - - 0 - - 
Fructose: NaCas (70:30) 59.7±0.05 - - 28.3±0.02 - - 11.6±0.04 - - 89.3±0.05 
Fructose:NaCas(70:30)+0.01% Tween-80 59.5±0.03 - - 29.0±0.01 - - 11.01±0.06 - - 84.8±0.10 
Fructose:NaCas(70:30)+0.05% Tween-80 61.6±0.02   27.6±0.02   10.3±0.04   79.6±0.05 
Fructose:NaCas(70:30)+ 0.01% SSL 60.55±0.06 - - 27.58±0.01 - - 11.39±0.03 - - 87.7±0.11 
Fructose:NaCas(70:30)+0.05% SSL 59.4±0.04 - - 28.8±0.03 - - 11.34±0.05 - - 87.3±0.08 
Sucrose:NaCas(99.5: 0.5) 64.01±0.02 - - 28.86±0.15 - - 6.77±0.18 - - 52.1±0.3 
Sucrose:NaCas(99.5:0.5)+ 0.01% Tween-80 61.39±0.09 - - 36.96±0.01 - - 1.66±0.001 - - 12.8±0.0 
Sucrose:NaCas(99.5:0.5)+ 0.01% SSL 63.38±0.06 - - 29.92±0.03 - - 6.58±0.35 - - 50.1±0.6 
Sucrose:NaCas(99.5:0.5)+ 0.05% SSL 78.30±0.03 - - 18.30±0.04 - - 2.96±0.17 - - 22.8±0.3 
Sucrose:PPI(99:1) 64.6±0.00 - - 28.0±0.00 - - 7.3±0.00 - - 89.0±0.00 
Sucrose:PPI(99:1)+0.01% Tween-80 67.7±0.00 - - 30.9±0.00 - - 1.4±0.01 - - 17.1±0.02 
Sucrose:PPI(99:1)+0.05%Tween-80 67.7±0.00 - - 31.1±0.02 - - 1.2±0.01 - - 14.6±0.02 
Sucrose:PPI(99:1)+0.01% SSL 63.1±0.00 - - 30.2±0.02 - - 6.7±0.01 - - 81.7±0.03 
Sucrose:PPI(99:1)+0.05% SSL 67.2±0.00   30.4±0.02   2.0±0.00   36.6±0.02 
Ex – Experimental          Th – Theoretical 
All experimental values are means of 9 replicates of 3 sub-samples with Standard deviation. 
 
1
8
4
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In the absence of low molecular weight surfactants, 52.0% of the surface of 
sucrose–NaCas particles is covered by the protein (NaCas) although the feed solution 
contained only 0.13% protein (Table 3). It is interesting to note that the initial bulk 
composition of 0.13% NaCas was able to cover 52.0% (on mass basis) of the surface of 
sucrose–NaCas particles. The powder recoveries of both sucrose–NaCas and                        
sucrose–NaCas with 0.01% SSL are comparable (Figure 1b), indicating that addition of 
0.01% SSL has not affected the surface coverage by proteins. It was observed that with 
the addition of 0.05% SSL into sucrose–NaCas, the recovery dropped to 30% since the 
surface protein coverage has reduced to less than half (22.80.3%) compared to that of                 
sucrose–NaCas powder. This result indicates that the addition of 0.05% SSL has 
displaced 29.3% of proteins from the surface. Although 0.26% PPI was able to cover 
89.0% of the surface of sucrose-PPI particles, it could not produce a powder recovery 
comparable to that of fructose–NaCas or sucrose–NaCas. The low powder recovery of 
sucrose–PPI may be due to the low solubility of PPI (Jayasundera, Adhikari, Adhikari, & 
Aldred, 2011a). The addition of 0.01% SSL reduced the surface protein coverage from 
89.0% to 81.7% indicating that 7.3% of protein was displaced from the surface with the 
addition of 0.01% SSL (Table 3). On the other hand when 0.05% SSL was added to 
sucrose–PPI droplets the SSL displaced 52.4% of protein from the surface. These results 
show that the displacement of proteins from the surface was greater in powders of 
sucrose–PPI–SSL (0.05%) compared to those of fructose-NaCas-SSL (0.05%) and 
sucrose–NaCas–SSL (0.05%) (Table 3). 
 
 When 0.01% Tween-80 was added to sucrose–NaCas solutions, the protein 
surface coverage reduced from 52.0% to 12.8%. This indicates that 0.01% Tween-80 was 
able to replace 39.3% of total protein on the droplet surface. At this level of displacement 
of protein from the surface, the powder recovery dropped from 82.0% to 33.8%, which is 
below the benchmark for a successful spray-drying operation (Bhandari, Datta, & Howes, 
1997). With the addition of 0.05% Tween-80, no powder was recovered indicating that 
the protein was displaced/dislodged from the surface to the extent that it was impossible 
for the residual surface coverage of the protein to overcome the stickiness.  
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3.5. Extent of protein and surfactant migration to the surface 
The dynamic surface tension (DST) values of fructose–NaCas with and without 
Tween-80, sucrose–NaCas with and without Tween-80 and sucrose–PPI with and without 
Tween-80 are presented in Figures 6(a), 6(b) and 6(c), respectively. DST values of 
fructose, sucrose, NaCas, PPI, Tween-80 and SSL are also provided for comparison. DST 
values of 25% fructose and 25% sucrose  solutions (75.63±0.17 mN/m  and                      
73.61±0.28 mN/m, respectively) did not change over time as expected since both fructose 
and sucrose are  not surface active (Figures 6 and 7). The DST values of 7.89% NaCas, 
0.13% NaCas and 0.26% PPI ranged from 50.66±0.54 mN/m to 49.44±0.32 mN/m, from 
54.23±1.13 mN/m to 51.98±0.46 mN/m and from 57.67±4.24 mN/m to                        
54.01±0.44 mN/m, respectively 50 s after the initial formation of the droplet (Figures 6 
and 7). When 7.89% NaCas was added to fructose solution the dynamic surface tension 
value reduced to 50.37±0.21 mN/m after 50 s which was comparable to those of                
sucrose–NaCas (52.73±0.31 mN/m) and sucrose–PPI (52.14±0.78 mN/m). The analysis 
of variance of data showed that the effect of protein concentration on surface tension of 
these two protein–sugar systems was not significant (p>0.05). The DST values of 
fructose-NaCas and sucrose–NaCas were similar to those of 7.89% NaCas and 0.13% 
NaCas, at 50 s respectively, confirming that at these protein concentrations, NaCas 
manages to migrate to the air–water interface immediately after the start of experiment. 
These observations indicate that the protein preferentially migrates to the air-water 
interface of the sugar–protein systems reasonably very rapidly. Although comparable 
DST values were obtained for sucrose–NaCas and sucrose–PPI, it is worth noting that the 
amount of PPI added was twice that of NaCas. The reason for a higher amount of PPI 
required to achieve the same extent of migration to air–water interface can be attributed to 
the structural and compositional differences between these two proteins such as solubility 
(Jayasundera, Adhikari, Adhikari, & Aldred, 2011a). 
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Figure 6: (a) Dynamic surface tension (mN/m) for solution of fructose–NaCas in the absence and presence of Tween-
80 (b) Dynamic surface tension (mN/m) for solution of sucrose–NaCas in the absence and presence of Tween-80 and 
(c) Dynamic surface tension (mN/m) for solution of sucrose–PPI in the absence and presence of Tween-80 
 
 Addition of 0.01% to 0.05% of Tween-80 into fructose–NaCas solution did not 
affect the DST values indicating that protein surface coverage remained intact and that no 
protein was displaced from the surface (Figure 6a). This outcome is also supported by the 
surface elemental analysis results which were discussed earlier. In the case of                      
sucrose–protein systems the addition of 0.01% Tween-80 into sucrose–NaCas solutions 
reduced the surface tension values indicating that a certain fraction of protein molecules 
was displaced by this surfactant from the surface. The inability of the low molecular 
weight surfactants to displace the protein from the droplet surface in the fructose–NaCas 
system may be due to the fact that this is not a dilute system with respect to protein 
concentration (the critical micelle concentration of sodium caseinate is 3% w/w) and that 
as excess protein molecules exist in the system there might be multiple layers of the 
protein molecules for low molecular weight surfactants to penetrate before they manage 
to reach the surface (Dickinson & Golding, 1997). Furthermore, as there is less space (due 
to crowding of protein molecules) for bulky protein molecules to move to the sub-surface, 
they remained on the surface. In the case of sucrose–protein–low molecular weight 
surfactant systems, as the protein concentration is much lower, the commonly observed 
 (c) 
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surfactant–protein competitive interactions at the surface can be clearly seen. It is                   
noteworthy that even with a higher amount of Tween-80 (0.05%) in a fructose–NaCas 
solution the DST values did not decrease indicating that the protein was still intact at the 
air–droplet interface in this fructose–protein system. In the case of sucrose-protein 
droplets, when the Tween-80 concentration was increased from 0.01% to 0.05% in 
sucrose-NaCas solutions, the DST values decreased to their minimum almost immediately 
(0.8 s) (Figure 6b). This outcome suggests that Tween-80 had displaced almost all the 
proteins from the surface, which is further indicated by surface elemental analysis results 
(Table 2).  In the case of sucrose–PPI–Tween-80 (0.05%) solution, it took a much longer 
time (about 40 s) (Figure 6c) for the DST values to reach the minimum indicating that the 
conformationecal rearrangements for surface coverage and loop and tail formation are 
easier when protein molecules are flexible as in the case of NaCas (Le Meste, Colas, 
Simatos, Closs, Courthaudon, & Lorient, 1990).  
 
The DST values ranged from 49.41±1.23 mN/m to 47.18±0.36 mN/m and from                      
48.94±0.45 mN/m to 47.07±0.23 mN/m during 50 s with the addition of 0.01% SSL and 
0.05% SSL, respectively, into fructose–NaCas solution (Figure 7a). Here again it is worth 
noting that the protein is intact at the droplet–air interface of the fructose–protein system; 
thereby no displacement of the protein was observable at the level of protein 
concentration studied here. The DST values reached their minimum irrespective of the 
SSL concentration (0.01% or 0.05%) in sucrose–NaCas solutions (Figure 7b) 
immediately after the start of the experiment. The DST values reached their minimum 
irrespective of the SSL concentration (0.01% or 0.05%) in sucrose-NaCas solutions 
(Figure 7b). The DST values were reduced from 49.02 mN/m to 47.71 mN/m and from 
49.51 mN/m to 40.10 mN/m with the addition of 0.01% SSL and 0.05% SSL, respectively 
into sucrose–PPI solution (Figure 7c). It is interesting to note that in the case of                  
fructose–NaCas solution, probably due to a very high concentration (>3% w/w) of 
protein, none of these two low molecular weight surfactants was capable of displacing the 
proteins from the droplet surface. As suggested above, it can be attributed to the excess 
protein molecules being forced to make tight multiple layers on the surface and the                  
sub-surface of the droplets (Dickinson & Golding, 1997).The surface elemental analysis 
indicates that the surface of the particle is primarily protein. This suggests that the ability 
of the low molecular weight surfactants to displace the proteins depends on the amount of 
protein in the system. Low molecular weight surfactants are very effective in displacing 
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the protein from the drop surface when the protein concentration is below the critical 
micelle concentration of NaCas.   
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Figure 7: (a) Dynamic surface tension (mN/m) for solution of fructose–NaCas in the absence and presence of SSL (b) 
Dynamic surface tension (mN/m) for solution of sucrose–NaCas in the absence and presence of SSL and (c) Dynamic 
surface tension (mN/m) for solution of sucrose–PPI in the absence and presence of SSL 
 
CONCLUSIONS 
Powder recoveries of greater than 80% of amorphous fructose and sucrose 
powders were produced through spray-drying with the addition of 7.89% and 0.13% of 
sodium caseinate (initial bulk concentration), respectively. This is a clear demonstration 
that NaCas can act as a very effective drying aid. However, the powder recovery was less 
than 50% in the case of sucrose–PPI powders, which indicates that PPI is not as effective 
as NaCas as a drying aid. This can be attributed to its low solubility. The reason for the 
high solubility of fructose-protein powders may be due to the amorphous nature of 
powders. The maximum possible solubility of all powders was obtained after 5 min of 
dissolution. It is worth noting that the solubility of NaCas increased to more than 6–7% in 
the presence of fructose. The solubility of amorphous powders of sucrose–PPI was less 
than those of amorphous powders of sucrose–NaCas and fructose–NaCas, which may be 
due to the low solubility of PPI. However, the addition of sucrose in water increased the 
solubility of pea protein isolate from 16.84% to more than 83% irrespective of the low 
molecular weight surfactant present in the sucrose–PPI system. The solubility of           
sucrose–sodium caseinate powders was comparable to that of pure sodium caseinate 
(c) 
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indicating that addition of sucrose into 0.13% sodium caseinate does not have any 
significant effect(p>0.05) on the solubility. 
 
There was no change in powder recovery when the SSL concentration was 
increased from 0.01% to 0.05% in fructose–NaCas–SSL solution. The addition of 0.01% 
Tween-80 into fructose–NaCas solution did not affect the powder recovery (76.7%); 
however, it was slightly affected with the increase of Tween-80 to 0.05% (69.0%). In 
contrast, in sucrose–NaCas droplets, the SSL at concentrations of 0.01% and 0.05% 
reduced the protein surface coverage by 2.0% and 29.3% respectively, presumably by 
displacing the proteins with the low molecular weight surfactants. This was associated 
with a substantial reduction in the total powder recovery from 75.5% to 30.1%. Tween-80 
was capable of displacing a substantial amount or all the proteins (NaCas) from the 
droplet surface leading to no powder recovery at 0.05% concentration. This surfactant 
displaced a substantial amount of proteins (NaCas) even when it was used at a trace 
amount (0.01%), yielding a reduced powder recovery of 33.8%. These results indicate 
that the powder recovery was greatly influenced by the sugar, protein, low molecular 
weight surfactant type and their concentration level.  
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CHAPTER 7 
 
CONCLUDING REMARKS 
  
7.1 Summary of the procedure 
This thesis investigated the effects of proteins and low molecular weight 
surfactants on spray-drying and powder properties of sugar-rich foods. Fructose and 
sucrose were selected as model sugar-rich foods and sodium caseinate (NaCas) and pea 
protein isolate (PPI) were selected as model proteins. Sodium stearoyl lactylate (SSL) and 
polysorbate 80 (Tween-80) were chosen as ionic and non-ionic surfactants, respectively. 
The powders of sugar–protein and sugar–protein–surfactant solutions were obtained 
through spray-drying. Physico-chemical characteristics of the powders such as moisture 
content, water activity, particle size, glass transition temperature, amorphous/crystalline 
nature and surface protein coverage were determined. The dynamic surface tension of the 
solutions was measured before spray-drying. The surface stickiness of solutions of 
sucrose–NaCas, sucrose–PPI and fructose–NaCas was observed using a custom-built      
in situ stickiness measuring instrument. The reconstitution behaviour of the powders was 
determined through dissolution studies. The possibility of Maillard reaction occurring in 
powder containing reducing-sugars was determined through rheological measurements.  
 
 The main findings from each component of this work are set out in the following 
sections. 
 
7.2 Effects of proteins on spray-drying of sugar-rich food 
Spray-drying is a well-established and widely-used method for transforming a 
wide range of liquid food products into powder form. However, stickiness is the limiting 
factor in spray-drying of different sugar-rich foods. The novel remedy of overcoming this 
problem was to modify the surface of a droplet or a particle with little amounts of protein 
as other remedies have their own drawbacks. In this context, the aim of this study was to 
investigate the effect of protein types both from a milk source (NaCas) and a plant source 
(PPI) on spray-drying of sugar-rich foods. The following are the important findings of 
this study. 
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7.2.1 Surface activity of sucrose–protein solutions 
It has been found that when 0.13% NaCas and 0.26% PPI were added to sucrose 
solution individually, the dynamic surface tension (DST) reduced to almost minimum 
immediately after the start of experiment.  This indicates that the proteins migrate to the                  
air–water interface almost instantly at these levels of protein concentration. However, the 
reason for a higher amount of PPI required achieving the same extent of migration to    
air–water interface can be attributed to the structural and compositional differences 
between these two proteins such as solubility. The low solubility of the PPI means that as 
drying progresses less active protein will migrate to the air–water interface which lowers 
its efficacy compared to NaCas. 
 
7.2.2 Spray-drying behaviour of sucrose–protein solutions 
A powder recovery of greater than 80% of amorphous sucrose powder was 
produced through spray-drying with the addition of just 0.13% of NaCas (initial bulk 
concentration). This is a clear demonstration that NaCas can act as a very effective drying 
aid.  However, the powder recovery was less than 50% in the case of sucrose–PPI 
powders even with a higher initial PPI concentration (0.26%), demonstrating that PPI is 
not as effective as NaCas as a drying aid.  
 
7.2.3 Characterisation of the spray-dried sucrose-protein powders 
Characterisation of the powders revealed that the surface protein coverage of 
sucrose–protein powders was higher with PPI than with NaCas due to the presence of 
higher initial PPI concentration (0.26%). The moisture contents, water activity values (aw) 
and the particle sizes of spray-dried powders of sucrose–NaCas and sucrose–PPI were 
within the normal range of spray-dried powders. 
 
 Amorphous sucrose was produced with both the proteins (NaCas and PPI). 
However, the powder recovery of amorphous sucrose was greatly influenced by the type 
of protein indicating that proteins with different surface-activity produce amorphous 
sugar powders differently. At the prevailing concentration level of protein in both 
sucrose–NaCas (0.13% w/w NaCas) and sucrose–PPI (0.26% w/w PPI) powders, the 
protein is unable to raise the bulk Tg of these powder samples. However, both NaCas and 
PPI were able to increase the surface Tg of these powder samples to 83.2 
o
C and 78.9 
o
C, 
respectively.  
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Surface stickiness (tackiness) tests revealed that there was no material–probe 
bonding at the probe–sucrose:NaCas interface due to skin formation. However, in the 
case of sucrose–PPI due to non-skin formation, the breakage occured within the drop 
(sucrose–PPI) itself and upon separation, the probe surface has remained fully covered 
with the residual material. 
 
7.2.4 Significance of the study 
It is reported that 40–60% of maltodextrin is required to produce about 50% of 
amorphous sucrose powder. However, such large additions of drying aid alter the powder 
quality and risk consumer disapproval. Therefore, surface modification by little amounts 
of protein (0.13% NaCas or 0.26% PPI) is very useful in overcoming stickiness of                 
sugar-rich foods (sucrose). Information coming from such studies can be applied to 
produce composite and surface engineered food powders through spray-drying. In this 
section we have dealt with only one sugar-rich food (sucrose) with two different proteins. 
The next section deals with fructose in addition to sucrose. 
 
7.3 Effects of sugars on spray-drying of sugar-rich foods 
Fructose is known to be the stickiest and the most abundant sugar in natural      
sugar-rich foods such as honey and fruit juices. It remains a sticky syrup even at a 
moderately low drying temperature (65 
o
C). Therefore, it is of practical importance to 
study how well the protein can act as a drying aid in converting the fructose to powder 
form through spray-drying. 
 
In this context, the aim of this study was to investigate the effect of sugars 
(fructose and sucrose), especially their glass transition temperature, on spray-drying of 
sugar-rich foods. Since some of the findings related to sucrose–NaCas have been 
described in Sections 7.2.1, 7.2.2 and 7.2.3, only the findings related to fructose-NaCas 
and the findings of sucrose–NaCas which have not been described in Sections 7.2.1, 7.2.2 
and 7.2.3 will be set out here. 
 
7.3.1 Surface activity of sugar–NaCas solutions 
When 7.89% NaCas (initial bulk concentration) was added to fructose solution, 
the DST reduced to almost minimum immediately after the start of experiment. Since this 
result is comparable to that of sucrose–NaCas (where the initial bulk NaCas concentration 
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was just 0.13%), it demonstrates that just 0.13% of protein in solution was able to form a 
mono-protein layer at the drop–air interface while the higher (7.89%) protein 
concentration either formed multiple-protein layers at the surface or protein-rich clusters 
within solutions. 
 
7.3.2 Spray-drying behaviour of sugar–NaCas solutions 
There is a requirement of much higher levels of NaCas to get comparable powder 
recovery (>80%) for fructose as opposed to sucrose. A NaCas:fructose solid ratio of 
30:70 was necessary, compared to 0.5:99.5 for NaCas:sucrose. This was found to be due 
to the low Tg of anhydrous fructose (16 
o
C).  This suggested that the Tg of different sugars 
dictates the amount of protein required to produce amorphous sugar powders.  
 
7.3.3 Characterisation of the spray-dried sugar–NaCas powders 
The surface protein coverage of fructose–NaCas powders was higher than that of 
sucrose–NaCas due to the presence of higher initial NaCas concentration (7.89%) in the 
former. Similarly, the bulk Tg of fructose powders was raised by the high proportion of 
initial protein concentration (7.89%) compared to that of sucrose–NaCas powders. 
Surface Tg of fructose–NaCas powders has increased immensely due to excess surface 
coverage of proteins. The moisture contents, water activity values (aw) and the particle 
sizes of spray-dried powders of fructose–NaCas were all found to be within the range of 
spray-dried powders. 
 
Surface stickiness (tackiness) tests revealed that there was no material–probe 
bonding at probe–fructose:NaCas interface, again due to skin formation.                              
Fructose–NaCas solutions also showed Newtonian behaviour indicating that the Maillard 
reaction did not occur during the residence time of the powders in the spray-drying 
operation. 
 
7.3.4 Significance of the study 
Although 7.89% (30% on a dry solid basis) NaCas was required to produce more 
than 80% of amorphous fructose powder, this amount of protein addition is low when 
compared to the 40–60% maltodextrin which is required to produce a comparable sucrose 
powder recovery. There is no study reported on how much maltodextrin is needed to 
produce amorphous fructose powder at a higher recovery percentage (≥80%). Therefore, 
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surface modification of fructose droplets by NaCas is even useful in overcoming 
stickiness of fructose. Information coming from such studies can be applied to produce 
composite and surface engineered food powders through spray-drying.  
 
7.4 Effects of low molecular weight surfactants on spray-drying of sugar-rich foods 
Low molecular weight surfactants are present in trace amounts in some natural 
foods such as honey. As we have used proteins in overcoming stickiness of sugar-rich 
foods, it is of practical importance to look into the effect of low molecular weight 
surfactants in model sugar-rich foods such as sucrose and fructose solutions as both 
proteins and low molecular weight surfactants preferentially migrate to the surface sugar 
solutions. 
 
In this context, the aim of this study was to investigate the competitive effect of 
both proteins and low molecular weight surfactants on spraying of sugar-rich foods.  
 
7.4.1 Surface activity of sugar–protein–surfactant solutions 
 It has been found that when excess amount of protein is present in 
solution, the addition of surfactants (Tween-80 and SSL) at two levels of concentration 
(0.01% and 0.05%) does not affect the surface dynamics. This was observed in the case of 
fructose–NaCas solution where the DST of the solution did not change much indicating 
that the surface protein coverage remained intact and that no protein was displaced from 
air–water interface (surface). However, in the case of sucrose–NaCas solutions, the 
addition of 0.01% Tween-80 reduced the DST indicating that a fraction of proteins 
(NaCas) has been displaced from the surface. When Tween-80 concentration was 
increased from 0.01% to 0.05%, the DST reduced to their minimum almost immediately 
(0.8 s). This outcome suggested that Tween-80 had displaced a substantial amount of 
proteins from the surface. In the case of sucrose–PPI solutions, the addition of 0.01% of 
Tween-80 resulted in a reduction of DST comparable to that of sucrose–NaCas–Tween-
80 (0.01%). However, in the case of sucrose–PPI–Tween-80 (0.05%) solution, it took a 
much longer time (about 40 s) for the DST to reach the minimum indicating that the 
conformational rearrangements for surface coverage and loop and tail formation are easier 
when protein molecules are flexible as in the case of NaCas. Addition of SSL (0.01% and 
0.05%) into sucrose–NaCas solutions reduced the DST immediately after the start of 
experiment. However, the higher the SSL concentration, the lower the DST is. Addition 
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of SSL (0.01%) into sucrose–PPI solutions reduced the DST to their minimum 
immediately after the start of experiment. However, when the SSL concentration was 
increased from 0.01% to 0.05% it took a much longer time for the DST to reach the 
minimum. In summary, the DST of sugar–protein–surfactant solutions is affected by the 
type and the concentration of surfactants only when the protein concentration is below its 
critical micelle concentration. 
 
7.4.2 Spray-drying behaviour of sugar–protein–surfactant solutions 
The displacement of proteins (NaCas or PPI) from the droplet or particle surface 
of sucrose–protein system is greater with Tween-80 than with SSL. Tween-80 displaced 
proteins either fully or partially from the droplet/particle surface of sucrose–protein 
systems while SSL displaced proteins only partially. This indicates that the powder 
recoveries of sucrose–NaCas and sucrose–PPI are reduced by the type and concentration 
of low molecular weight surfactants.  
 
The surface protein coverage and powder recovery of sucrose–NaCas powders 
were sensitive to the presence of low molecular weight surfactants in the aqueous solution 
especially as the NaCas was below its critical micelle concentration. At levels (in aqueous 
solution) above the critical micelle concentration of NaCas (>3% w/w), the presence of 
up to 0.05% low molecular weight surfactants had either no effect or minimal effect on 
the surface coverage of the droplets/particles of fructose–protein–surfactant powders. The 
effect of low molecular surfactants on powder recovery was also insignificant when 
excess protein was present in aqueous solution. 
 
7.4.3 Characterisation of the spray-dried sugar–protein–surfactant powders 
Surface Tg vaues of fructose–NaCas–surfactant powders were found be higher 
than those of sucrose–NaCas/PPI–surfactant powders due the overwhelming presence of 
NaCas at the surface of fructose–NaCas–surfactant powder particles. However, addition 
of low molecular weight surfactants into the solutions of fructose–NaCas, sucrose–NaCas 
and sucrose–PPI has reduced both the surface Tg and bulk Tg of these solutions due to the 
low Tg values of low molecular surfactants themselves. 
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The sucrose–NaCas/PPI powders with Tween-80 and with 0.05% SSL were 
crystalline while the sucrose–NaCas/PPI powders with 0.01% SSL and all powders of 
fructose–NaCas with surfactants were amorphous. 
 
The water activity values (aw) of powders of fructose–NaCas–surfactant,                            
sucrose–NaCas–SSL (0.01%) and sucrose–PPI–SSL (0.01%) were found to be within the 
range of aw values of industrially spray-dried powders while the powders of                                              
sucrose–NaCas–Tween-80(0.01%), sucrose–NaCas–SSL(0.05%),  sucrose–PPI–Tween-
80(0.01%), sucrose–PPI–Tween-80(0.05%) and sucrose–PPI–SSL(0.05%) had higher  aw 
values. Similarly, the moisture contents of all powders of sucrose–NaCas–surfactant, 
sucrose–PPI–surfactant and fructose–NaCas–surfactant were found to be within the range 
of moisture content of industrially spray-dried powders except for                                        
fructose–NaCas–Tween-80(0.05%).  
 
The particle sizes of powders of fructose–NaCas–Tween-80(0.05%),                                       
sucrose–PPI–Tween-80(0.01%) and sucrose–PPI–SSL (0.05%) were significantly higher 
than those of the rest. The increase in particle size may be due to two reasons, one being 
the agglomeration of crystalline particles and the other being the coalescence of multiple 
sticky droplets.  
 
Fructose–NaCas–surfactant solutions showed Newtonian behaviour indicating that 
the Maillard reaction had not occurred during the residence time of the powders in the 
spray-drying operation. 
 
7.4.4 Significance of the study 
 The information gathered from this study on the protein displacement behaviour 
by low molecular weight surfactants from the droplet–air interface will be very useful in 
controlling the amount of proteins at the surface of spray-dried powders. This information 
is also useful in pharmaceutical formulations, as the surfactants can be used to prevent the 
over-exposure of active proteins at the air–water interface. 
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7.5 Overall effect of proteins, sugars and low molecular weight surfactants on                     
spray-drying of sugar-rich foods with respect to dissolution 
 Dissolution of powder samples is of significant importance to manufacturers and 
consumers as a benchmark of functionality. Since no studies are reported on the overall 
effect of proteins, sugars and low molecular weight surfactants on spray-drying of                
sugar-rich foods with respect to dissolution, this study would be the first of its kind.   
 
7.5.1 Dissolution of spray-dried sugar–protein and sugar–protein–surfactant 
powders 
The dissolution experiments revealed that the solubility of NaCas in fructose 
solution was more than that in sucrose solution. The reason for the high solubility of 
NaCas in fructose–protein powders is due to the amorphous nature of powders. The 
solubility of NaCas in sucrose–NaCas powders was comparable to the solubility when it 
was not mixed with sucrose. This indicated that the effect of sugars on solubility of 
protein, especially on NaCas, when the latter is at low (0.13%, w/w) concentration is not 
significant (p>0.05). The presence of sucrose in sucrose–PPI powders increased the 
solubility of PPI significantly from about 17% to about 87%. This suggested that sugars 
are effective in forming hydrogen bonds with PPI molecule as the water is evaporated.  
 
The presence of low molecular weight surfactants had no effect on the solubility 
of NaCas/PPI in fructose–NaCas–surfactant, sucrose–NaCas–surfactant and                         
sucrose–PPI–SSL powders. However, the solubility of PPI in sucrose–PPI powders was 
reduced significantly (p<0.05) with the addition of Tween-80.  The maximum solubility 
of sugar–protein and sugar–protein–surfactant powders was achieved within 5 minutes. 
 
7.5.2 Significance of the study  
  These findings can be useful for dissolution of spray-dried natural foods 
such as honey and fruit juices which contain more of fructose and sucrose as sugars. 
 
7.6 Recommendations for further research 
The surface stickiness (tackiness) experiments carried out in this study 
demonstrated that NaCas is an effective drying aid compared to PPI. However, only a 
limited number of experiments were carried out for the observation of surface stickiness 
of sugar–protein solutions. Further tests on surface stickiness and material tactile 
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properties of droplets of sugar–protein and sugar–protein–surfactants should be carried 
out to establish at what temperature and moisture level the droplets attain non-sticky state. 
This is due to the fact that the product quality depends on the temperature and moisture 
histories of a droplet containing sugar–protein and sugar–protein–surfactant. The product 
quality is one of the most important aspects of industrial scale spray-drying operations. 
 
In this PhD work, the surface protein coverage of powders was estimated by a 
simple nitrogen balance using x-ray photoelectron spectroscopy. However, no direct 
experimental measurements were made to estimate the amount of surfactants present at 
the surface.  It would be appropriate if these studies could be extended to make use of the 
dynamic surface tension values to quantify both the protein and surfactant coverage at the 
surface of a droplet or a particle. This finding would be helpful in pharmaceutical industry 
to control the amount protein at the surface of a droplet/particle. PPI was selected as it is a 
readily available, food grade protein of plant origin. Since no fructose powder was 
produced with PPI, it would be advantageous to investigate the effects of a range of 
different plant proteins in overcoming stickiness of spray-dried fructose powders. 
 
This thesis has described the effect of proteins and low molecular weight 
surfactants on spray-drying of model sugars namely; fructose and sucrose. However,   
sugar-rich foods such as honey and fruit juices are much more complex.  For example, 
they contain a range of sugars, and some are acid-rich.  The next stage of this work would 
be to expand the knowledge developed in this work to these more complex systems with 
ranges of different sugars and acidity levels.    
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APPENDIX 3:  
Chapter 3 
 
Table 3: Experimental Tg-r along with predicted bulk Tg values and surface Tg values of spray-dried powders  
 
         
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
               Ex – Experimental        Pred – Predicted 
Sample Moisture (%) wb Tg-r (Ex) (bulk)(
oC) Tg (pred) 
(bulk)(oC) 
Tg  (pred) 
(surface layer)(oC) 
Sucrose:NaCas (99.5: 0.5)  
 
           3.190.1 54.3  0.9 39.7 83.2 
Sucrose:NaCas (99.5: 0.5) +0.01% Tween-80 
   
           1.330.0 Crystalline - - 
Sucrose:NaCas (99.5: 0.5) +0.01% SSL  
 
           4.080.1 33.9  2.3 33.5 33.1 
Sucrose:NaCas (99.5:0.5)+0.05% SSL 
 
           3.830.1 
 
Crystalline - - 
Sucrose: PPI(99:1)  
 
2.610.02 54.21.5 44.0 78.9 
Sucrose: PPI(99:1) +0.01% Tween-80  
 
3.720.05 Crystalline - - 
Sucrose: PPI(99:1) +0.05% Tween-80  
 
0.360.03 Crystalline - - 
Sucrose: PPI(99:1) +0.01% SSL  3.540.02 43.71.1 37.3 68.3 
Sucrose:PPI(99:1) +0.05% SSL  
 
3.520.02 Crystalline - - 
 
2
1
1
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